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ABSTRACT 
Clearances at connections of mechanical systems may 
allow contact to be momentarily lost between the inter- 
connected elements resulting in impact loading, the gener- 
ation of noise and deterioration of the bearing surfaces. 
The work presented examines the dynamic behaviour of a 
planar mechanism having clearances-at two of its bearings 
and suggests criteria which may be applied at the design 
stage to ensure that contact loss does not occur. 
A test rig has been developed having both rotary and 
oscillatory inputs and operable as a single input 4/bar 
ljnkage or a 
. 
double input 5/bar linkage mechanism. The 
rotary input is varied between 170 and 370 rev/min and the 
oscillatory input between 10 and 22 Hz at amplitudes of 
1.8 and 2.6'mm. Acceleration impact levels are measured 
by means of small accelerometers embedded in the bearing 
housing. The bearings are nominally 25 mm diameter steel 
pins with sintered bronze bushes. Clearances in the range 
of 15 to 105 gm are examined. An-additional dynamic 
constraint to the system is provided by spring loading 
one of the links. The series of tests performed establish 
various conditions at which impact. loading' occurs.. 
A mathematical model of the test rig is developed., 
the equations of. motion being solved numerically. Follow- 
ing some earlier work a zero-clearance analysis of the 
3 
system has been used to develop emperical relationships 
for describing the occurrence and magnitude of the impact 
loading. 'These relationships are applicable to the system 
when only one bearing has a finite clearance and when'two 
bearings have finite clearances. The interactive effects 
of a two clearance bearing system are examined in detail 
and it is concluded that the emperical relationships 
developed may be generally applied. 
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NOTATION 
OXY Fixed frame of. reference in a vertical 
plane 
Unit. vectors in x and y directions 
Ri Vector representation of ith link 
Ri Magnitude of Ri 
ýi Angular position of ith'link. 
Angular velocity of ith link 
Angular acceleration of ith link 
( "" 1 O + Maximum value of relative angular accel- i (i+1) max 
between the adjacent ith and eration 
(i+1)th links 
ý1 Angular position of the-rotary disc 
8 Parameter describing the position of 
the hydraulic actuator 
R22 Vector representation of the oscillatory 
input . 
EXC Amplitude. of oscillatory input 
W 22 - 2T[ x frequency of oscillatory 
input 
t Time . 
Tm Computation time interval 
Fx Magnitude. of bearing force in x direction 
Fy Magnitude of bearing force in y direction 
R Minimum bearing force 
mi Mass of ith link 
mda Mass of the rotary disc 
mb Mass of the exciter. disc 
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Ii 
IT 
IO 
IF 
xdi 
'di 
9 
AR21, AT21 
AR32, AT32 
FS 
Ti 
r 
D 
Moment of inertia of ith link about its 
centre of gravity 
Moment of inertia of the exciter disc 
about the fixed point T 
Moment of inertia of the rotary disc 
about the fixed point 0 
Moment of inertia of the. flywheel 
Linear acceleration of the mass centre 
of ith link in x direction 
Linear acceleration of the mass centre 
of ith link in y direction 
Gravitational acceleration 
Accelerometer outputs at test bearing 1 
Accelerometer outputs at test bearing 2 
Spring force - 
Initial spring force 
Clearance 
Bearing diameter 
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CHAPTER ONE 
INTRODUCTION 
14 
1.1 Impact at bearings 
'%k 
Bearing forces at the connections of a mechanism vary 
in magnitude and direction during cyclic motion of the 
mechanism. The magnitude of. the bearing force depends an 
parameters such as mass and inertia of each element as well 
as input force conditions of'the mechanism. 
In the case of plain bearings, some clearance must be- 
provided in the bearing in order to achieve relative motion 
of the paired elements. However, this- finite"clearance may 
allow the paired elements to lose contact momentarily when 
the varying contact force approaches a small value, poss- 
ibly zero.. The bearing will then be subjected 
to an impact loading when contact is remade following 
a relative movement of the elements across the clearance 
space. A real mechanism may, in general include many 
such bearings. Impact loading can therefore be expected 
to take place in some or all of those bearings. The 
severity of impact will be different for each bearing. 
An interaction effect may also be created, thus complicating 
the occurrence of impact and level of impact. 
A reduction in the impact level can be obtained by 
using bearings with a minimum clearance. This. uould 
however increase the manufacturing costs. Successive 
impacts are generally the cause of-excessive noise, bearing 
wear and a deterioration in kinematic response of a mechanism. 
1.2 Effects of impact 
1.2.1 Bearing noise- 
15 
During a normal bearing operation, a range of-sound 
frequencies is generated which depends on the material of 
bearing, the application of a lubricant, running speeds, 
clearance size and surface roughness. The noise level 
however is usually very high when impact occurs. 
Impact noise in general is considered to be a social 
problem as it forms 12% of the total noise generated in 
our environment. -(ref. 35) 
1.2.2. Bearing wear 
Under sliding conditions, lubricated bearing surfaces 
can slide together for long periods, 
However impact loading can cause the 
make contact-through the lubricating 
surface damage and rapid increase in 
Surface fractures may be formed and 
causing little wear. 
bearing elements to 
film resulting in 
. 
the wear rate. 
eventually flaking of 
the surfaces. Also there may be a transfer of particles 
from both surfaces and localised heat-will be generated. 
Both adhesive and abrasive wear processes will continue 
if the bearing is operated under these conditions'over 
a period, and then seizure of the bearing will be inevitable. 
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1.2.3 Kinematic effects 
Clearances in'bearings will affect the kinematic 
output of the-machine. Although the designer can make 
allowance for clearance size, it is still necessary to 
consider the vibration imposed on the elements due to 
impact loading. This effect can be very-important in 
precision machinery. The-analytical methods for predicting 
the kinematic effects of clearance and. backlash in complex 
systems are usually beyond the analytical capabilities of 
most industrial facilities. The results are often either 
inadequate designs with early failure or poor performance 
or cases of over design with both. economic. and engineering 
wastages. 
1.3 Type of bearing 
A machine designer can choose the type of bearing most 
suitable for a particular application from the wide range 
of bearing types and sizes available on the market., There 
gis ;a number of parameters which have to be taken into 
account, such as radius, length of bearing, load on the 
bearing, speed of rotation and clearance size. Plain. type 
bearings (journal bearings). consisting of a steel pin 
and oil impregnated sintered bronze bush, were used in this' 
study for all the tests. They are Usually quiet during 
normal operation but noisy during impact loading and 
have a high - capacity to Withstand shock thus giving 
a reasonable experimental life before any. fatigue effects 
take place., 
1? 
Plain bearings have application in several fields. 
They are used in the production of electrical motors, 
pumps, switch gear suspension and steering mechanisms,. . 
propeller shafts etc. 
1.4 Literature survey 
In the last decade or so, ' a number of researchers 
have studied the dynamic and kinematic effects introduced 
by, having a clearance bearing in a mechanism. 
The influence of the magnitude of bearing clearance 
on the dynamic load-level, and the nature of the movement 
of the journal of an unbalanced motor were studied by 
S. S. Fesenko (ref. 1). He showed that as the unbalanced 
rotor rotates in a bearing with a clearance, the centre 
of gravity of the journal executes a complex movement 
consisting of a relative movement about its, geometrical 
centre 02, and a translational movement. relative to the 
bearing centre 01, (fig. 1.4.1). He found that dynamic. 
load increases by 5 times when clearance during operation 
reached 0.03 mm. It was concluded that reduction in the 
level of dynamic loading could be obtained,, both by more 
exact balancing of the components and assemblies and by 
reducing the clearance. 
18 
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Fig. 1.4.1. 
D. Morrison (ref. 2) recognises the effect that clear- 
ance size plays in a behavioural pattern of a machine and 
offers a simple graphical solution for exploiting the effect 
of bearing clearance. He suggests a certain clearance size 
for optimising the vibratory behaviour as well as satis- 
fying more conventional requirements of static load capacity. 
Particular values however were offered for specific cases 
rather than a general approach. 
Garrett and Hall (ref. 3) studied the kinematic. response 
of a linkage mechanism which included clearance. and manufac- 
turing tolerances. The responses were compared with. those 
obtained from an idealised linkage mechanism (ie. no clear- 
ance, no manufacturing tolerances). The results were 
presented in the form of mobility bands. They suggested 
that it might be possible to obtain a more favourable design 
from the standpoint of link-length ratios. and transmission 
angles, if error bands were taken into account. Their work 
did not however show how clearance and tolerance. deperided 
on each. other. - 
r 
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Townsend and Mansour (ref. 4) analysed the dynamics. 
of a 4/bar linkage-mechanism having clearance. in one of 
its connections. Equations of motion were solved by 
numerical integrätion method with consideration of impact 
situations as discontinuities. The complete motion was 
described in three different modes; 
(a) When the pin and bush are'not in contact, it is called' 
the flight mode. 
(b) When the pin and bush are momentarily making contact, 
it is called the impact mode. 
(c) When the pin follows the bushing contour over some 
range of motion, it is called the following mode. 
They found that there were 48 big and small impacts 
taking place over one complete cycle. No experimental work 
Was presented to support the theoretical analysis. The 
following mode was surprisingly short. 
Miedema and Mansour (ref. 5) studied slider-crank 
mechanism with clearance at H(fig. 1.4.2). They found that' 
the following mode, in which the pin and bush remain in 
contact while sliding relative to. each other, dominates 
during the zones of crank rotation(315° to 900) and (120° 
to 2400), and. -only under certain'conditions do these two 
zones appear in patches or even disappear altogether, for 
instance when P=I (e is coefficient of restitution), no 
following mode takes place. The motion comprised free 
flight-and impact modes only. The impact mode took place 
from (90°. to 120°) and also (2400 to 360°) of the crank 
20 
rotation. They did not however consider any possible 
. 
impacts which might be brought about if clearance at B 
was included (slider end).. No. experimental results were 
presented. 
ýAy 
. 
10, 
ý 
Fig. 1.4.2 
Wilson and Fawcett (ref.. 6) considered theoretically 
and experimentally the dynamics of a slider-crank mechanism. 
with clearance in the sliding bearing. It was shown that 
slider reaction farce was dependent on the gas load, and 
the configurations of the crank, connecting rod and the 
slider. They concluded that changes in sign of the slider- 
cylinder-wall force result in impacts. They suggested 
that it was possible to understand from a zero-clearance 
analysis when impacts were likely. to occur if clearance 
was present. The work also described . how the force pattern 
of the slider-reaction could be modified by changing 
the geometrical arrangement of the mechanism, varying the 
mass distribution and the engine speed. Studying the 
effects by changing each parameter separately, they were 
able to produce a configuration in which no impact occurred 
at the sliding bearing. 
21 
Dubousky and Freudenstein (ref.? ) considered a simple 
mechanical model of an elastic joint with clearance called 
'the'impact-pair'. They studied frequency response, 
displacement, force amplification and. vibrational character- 
istics of the impact pair under various operating condit- 
ions (free vibrations, constant load operation, displacement- 
forced motion). Solutions were produced in two forms 
a) analytical, b) describing function. Dubousky (ref. 8) 
applied a one-dimensional 'impact pair' approach to a 
slider crank mechanism with a clearance bearing at A 
(fig. 1.4.2). He described the system by a set of simult- 
aneous non-linear differential equations'. He was not able 
to use analytical methods as previously, such as describing 
function technique. Dynamic and kinematic analyses were 
presented by using numerical techniques. He found that 
impact occurs when the acceleration of the slider changes 
its direction due to the kinematics of the device. The 
possibility of simultaneous impact at the sliding bearing 
was not considered and no experimental verification was 
attempted. 
Wu (ref. 9) developed a six-bar linkage test mechanism 
to study the kinematic and dynamic effects introduced by 
having a clearance bearing. The test mechanism-Was oscill- 
ated by means of two hydraulic exciters (fig. 1.4.3). A 
transducer assembly was used to measure the impact acceler- 
ations resulting from the variations of clearance size, 
mass distribution, spring load and excitation configuration 
(phasing of 
. 
oscillatory inputs). Equations of motion fiere 
22 
numerically solved by using Lagrangian mechanics (Earles 
and Wu, ref. 10). The clearance in the test bearing was 
treated as a mass-less link With varying direction. A 
second method namely 'no clearance analysisl was also used 
to obtain the kinematic and dynamic response-of the same 
mechanism without considering the clearance. It was shown 
that there. Was little difference between the gross kinematic 
results obtained from the clearance analysis and the no- 
clearance analysis, the former however proved to be lengthy 
in computation time and not easily applied (ref. 10). 
Contact loss in a clearance bearing will occur when the 
bearing force, calculated from an exact kinematic and 
dynamic analysis, of the mechanism, becomes zero. Wu 
however, found that it was possible to predict the-occurrence 
of contact loss at a bearing by using a 'no-clearance' 
analysis which is more easily carried out. The experimental 
results showed. that the contact loss occurred not only 
When the bearing force, calculated from a no-clearance 
analysis was zero, but had a definite value. He found that 
the change in the bearing force direction was also a 
contributory factor. A correlation of results from the 
no-clearance analysis and an extensive series of experim- 
ontal tests, then produced a rctke (Y/R) that predicted 
the occurence of contact loss, where is defined as the 
rate of change of bearing. -force angle, (rad/s), R is the 
bearing force, (Neutons). The condition was that'a contact 
loss would occur if ( Y/R 
/rod S )> 1. Earles and Wu 
(ref. 11) developed an empirical relationship for plain 
bearings between impact intensity, I, Y and R as defined 
23 
above, and clearance ratio, r; 
s- 
1 
I=K( Cr -1) In Ct/ R rad 
., 
)1.4 a 
_j/N 
Where r is defined as the clearance ratio and given by 
r=( 1000 clearance clearance and pin diameter being 
pin diameter 
measured in the same units. Impact intensity was found to 
be proportional to the logarithm of the impact occuriQnce 
number (it /R). 
Seri 
A 
Mass addition 
/ .ý.. 
.. -X 
Fig 14.3 Hydraulic 
exciters 
C and K are the mean values obtained from a large 
number of test results. K was considered to be dependent 
on the type of lubrication present and the bearing mater- 
ials. The average values for the factor K found for 
three types of lubrication were unlubricated "61, boundary 
lubricated "48, film lubricated "14. Lubrication effect 
is best demonstrated in fig. (1.4.5). The graph shows 
impact acceleration level against bearing clearance ratio 
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for the three types'of lubrication for two oscillatory 
inputs both having a frequency of 7 Hz., and a phase 
angle of 40°. 
r The factor (C -1) in equation (1.4a) was called the 
clearance factor. It was developed by Earles and Wu 
(ref. 12) such that it could be valid for all clearance 
sizes as well as satisfying a 'no clearance' state where 
impact intensity was expected to be zero. Clearance effect 
is demonstrated by'comparison of experimental and empirical 
graphs given in fig. (1.4.4), where one type of lubrication 
was employed. Tests were carried out for an oscillatory 
input frequency range of 4-7 Hz. 
Earles and Wu concluded that the rakio Y/R 
/rod s 
/N 
could adequately be used to predict the occurrence of 
impact. Intensity of. impact could also be predicted by 
equation (1.4a). Impacts and noise at a bearing could be 
avoided at the design stage of a machine,. if the-theoret- 
ically calculated value of the Patio-- (Y/R) Was kept to 
" 'ý a value less than 1. The - raiio, '( YIR 
/ra/d d !!:; -l is a 
powerful design tool as it does not limit the clearance 
size thus allowing greater manufacturing tolerances. 
There are also no restrictions on the type of lubrication 
Which might be used. 
Fawcett and Burdess . 
(ref. 14) also suggested the use 
of springs and the distribution of mass in a mechanism, 
in particular 4/bar linkage mechanism, to prevent contact 
loss in a bearing. It was however mentioned that modific- 
26 
ation of the overall dynamics of, the system might lead to 
undesirable effects such as an increase-in bearing loads, 
and changes in the force loci at the other-bearings of the 
mechanism. - It was therefore necessary to study the force 
loci of all bearings which have clearances. 
The first practical approach to maintain-contact 
between the two components of a plain type bearing, came 
from Fawcett (ref. 15). He combined form and force closure 
(fig. 1.4.6) principles to improve bearing performance, 
giving a form-force closure technique (fig. 1.4.7). 
i load 
direction t 
Closing springs 
Load 
direction j 
b 
Form closure a, force closure b 
Fig. 1.4.6 (refs) 
4 
I 
r. 
Path of pin centre relative to bush 
Load 
direction 
A. A 
Direction of closing force 
Force-form closure technique 
Fig. 1.4.7 (ref 15) 
The bearing still behaved as a-conventional form 
closed type while there was contact force between the two 
components of the bearing. As the contact force reduced, 
the closing force (fig. 1.4.7) became dominant thus shifting 
27 
the force locus away from the origin. In this way, contact 
was maintained at all times during one complete cycle of 
the mechanism. The closing force, which was normally 
applied in a perpendicular direction to that of the major 
bearing load, was provided by means of a rubber insert. 
Two similar designs were also. suggested. The proposed 
rubber inserted type bearing was not however tested for 
increases in friction and wear rate. Force closure intro- 
duced in one bearing may also introduce changes in the 
force loci'at other bearings in the mechanism. A thorough 
study of the direction of force closure for each bearing 
is needed to obtain a satisfactory overall performance. 
Grant (ref. 16) carried out a number of tests using 
the number( t/R// Nrad 
s-l)developed by Earles and Wu. 
He found that there was gooci_-_ = agreement between the 
predicted behaviour by using this number and experimental 
results. Similar results were obtained when different 
bearing materials were used. Brass and Glacier'(DU and DX) 
bearings produced similar impact acceleration levels, whereas 
in the case of Nylon bearing, this was reduced. In the 
Y /rad s1 absence of gravitational effects, the number (j 
R IN 
Was found to be continously decreasing as the rotational 
input speed of the mechanism (4/bar linkage) was-increased. 
1.5 Aims of present investigation 
It has firmly been established that having a clearance 
bearing in a mechanism produces undesirable dynamic and 
kinematic effects. The literature survey shows that almost 
28 
all researchers in the past considered a sr 1-clearance 
bearing. The present work will consider two clearance 
bearings in a mechanism. Dynamic and kinematic character- 
istics of the mechanism will be investigated, first having 
clearance in either bearings separately and then having 
clearances in both bearings. 
Some researchers in the past considered purely rotat- 
ional inputs in their studies, others used purely vibratory 
inputs. The object of the present work is to include both 
types of motion. One of the clearance bearings will be 
subjected to complete rotational motion and the other to 
vibratory motion, such that a complete motion analysis 
could satisfactorily be carried out. The test rig will be, 
built such that it can be used as a purely rotary or a 
purely oscillatory input 4/bar linkage mechanism and also 
as a two inputs 5/bar linkage mechanism. 
The present investigation will make extensive use of 
research work-recently carried out by Prof. S. W. E. Earles 
and Dr. C. Wu. a 
A 'no-clearance' dynamic analysis of the test mechanism 
will'be established, the equations of motion being solved 
digitally using the available computer facilities. Dynamic 
characteristics of the test rig will be varied by means of 
adding tension springs and masses. 
"/ occurence number Y/ (R rad 
s'1 
examined. Any interactibn. effect 
Changes in the impact 
Will then carefully be 
that might result from 
29 
having clearances in both. bearings will be considered. 
It is hoped that an empirical relationship which can predict 
the occurence of impact and level of impact acceleration 
may be developed from a correlation of experimental and 
theoretical results. An attempt will be made to produce 
general guidelines which could be used at the design. 
stage of a machine so that undesirable effects can be 
eliminated. 
30 
CHAPTER TWO 
THE EXPERIMENTAL RIG 
31 
2.1 General requirements 
A full investigation of impact at clearance bearings 
requires that the linkage mechanism be subjected to a wide 
range of geometric changes, and the test rig be suitable 
for changes in the loading arrangements (ie. mass addition, 
spring addition) in order that a comprehensive study of 
kinematic and dynamic effects can be pursued. 
Wu (ref. 9) employed two independently controlled 
hydraulic exciters to achieve various geometric arrange- 
ments in a 6/bar linkage mechanism. Grant (ref. 16) on 
the other hand used a rotary input 4/bar linkage mechanism 
in his studies. It is intended that the present test rig 
should combine these two cases in such a way that input 
parameters such as rotational speed, oscillation frequency 
and amplitude can be independently controlled. The arrange- 
ment considered employed two discs, one for rotary input, 
the other for oscillatory input, positioned a distance 
apart. The discs would be rigidly supported and connected 
by means of two links. Such an arrangement would allow the 
test rig tobe used as; 
(a) Rotary input 4/bar linkage mechanism by means of 
locking the oscillatory disc, 
(b) Oscillatory input 4/bar linkage mechanism by means of 
locking the rotary disc, 
(c) Rotary and oscillatory inputs 5/bar linkage mechanism. 
The'system would be spring or mass loaded at a convenient 
point along one of the links, 
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2.2.1 General description of the test rig 
A general view of the test rig is shown in plate 1. 
A rotary disc of 200 mm effective diameter is driven by 
an electric motor. Power is transmitted by using a timing 
belt and speed reduction pulleys. A flywheel and an 
electromagnetic clutch are situated between the rotary 
disc and the pulley. Link 2 is connected to the circum- 
ferunce of the rotary disc by means of a bush and pin 
arrangement, Which will be referred to as the first 'test 
bearing'. The other end of link 2 is connected to link 3 
by using a similar pin and bush arrangement which will be 
referred to as the second 'test bearing'. The 'other end 
of. link 3 is connected to the circumference of the oscill- 
atory disc whose diameter is also 200 mm. Shafts which 
are rigidly fixed concentric to the discs, are freely 
supported by angular contact bearing units fixed on top of 
rigid support columns. A hydraulic"exciter is connected 
to the circumference of the exciter disc by means of a 
pair of short links. The support columns and the-hydraulic 
exciter are firmly bolted onto a vibration isolation 
platform. The side and top views. of the test rig are given 
in fig. (2.2).. 
As a result of an extensive kinematic study of the test 
rig the diameters of discs were chosen'to be 200 mm, and 
the lengths of link 2 and link 3 to 390mm and 580 mm 
respectively. The relative angular displacement of link 2 
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and link 3 for a given input motor speed, input oscillation 
frequency and amplitude is given in fig. (2.2.1). Trans- 
lational movement of test bearing 2 (connection point of 
link 2 and link 3) relative to OXY frame fixed'at the' 
centre of the rotary disc, is also given in fig. (2.2.2). 
Input parameters were the same as those for fig. (2.2.1). 
2.2.2 Rotational input section of the test rig 
A motorised Kopp variator provided the rotational 
input. Under constant load conditions the speed holding 
characteristics of the Kopp variator were expected to be 
good. One per cent speed deviation was however expected 
under varying load conditions. Power from the Kopp variator 
Was transmitted to the system by using a 25mm wide Fenner 
timing belt. Two pulleys were employed to provide a 
speed reduction ratio of 3 to 1. Pulleys were fitted on 
the shafts by means of taper-locks with key-ways. The 
motor was bolted onto a metal block, the whole unit could 
be moved along the T-shaped slots of the platform base in 
order to obtain the required tension in the timing belt for. 
a satisfactory operation. Shaft SI (fig. 2.2) was supported 
by bearing units (BH1) and (BH2). Each unit is made up 
of two angular contact ball bearing blocks. The two cones 
of these two. bearings were pressed onto shaft S1 while the 
races were firmly mounted in the bearing housing. Possible 
'end play' which might occur-due to the. clearance in the 
bearings was eliminated by threading adjusting rings onto 
the shaft. A flywheel was situated between bearing units 
Relative angular displacement of link 2 and link 3.36 
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(BHI) and (BH2). It was secured on shaft Si by'means of 
a keyway to prevent slipping and it was then screwed 
firmly into position (see also. subsection 2.3.1). 
The rotary sub-assembly (fig. 2.2) consisted of two 
discs each 15mm in thickness. The reason for this was to 
allow link 2 to move freely in a vertical plane within the 
space provided between the discs. One of the discs was 
-e welded onto 
the end of shaft S2, the other one 
onto shaft S3. Both units were afterwards machined for 
true perpendicularity thus eliminating any slight deviation 
in the surfaces of the discs due to heat while welding was 
carried out. Shaft S3 was supported by bearing unit (BH3). 
A rev/min speed pick-off disc. was attached to the-end of 
shaft 53. It was used to measure the speed of the rotary 
by 
disc/optical means. An aluminium L-shaped bracket was used 
to hold a light source, which was positioned around the 
speed pick-off-disc such that satisfactory measurements 
could be taken (plate 3, also see chapter 4). Because of' 
the clutch, bearing BH2 was arranged in'a different Way 
from that of BH1 and BH3. Part of BH2, nearest to the 
rotary disc was made of two angular contact bearings 
within the same bearing block. It was used to support 
shaft 52 and the rotary disc. The stationary part of the 
clutch was fitted on the other end of shaft'S2 and it was 
maintained in position by means of two key-ways fitted on 
the side of bearing unit 6H2. The other part of the 
clutch, the armature plate, was fitted to the end of shaft 
52. The two parts of the clutch were accurately centred 
38 
and axially located by using a spacing bush (see also 
sub-section 2.8 & Appendix 8). The distances a and b in 
fig. (2.2) between bearing unit 8H2 and one side of the 
rotary disc and also between BH3 and the other side of the 
rotary disc were kept to a minimum (5mm ) to prevent any 
bending action in shafts 52 and S3 due to changing load 
conditions resulting from inertia effects of link 2 and 
link 3. The distance c, between the two parts of 'the 
rotary disc was set to 40mm to allow free movement of link 
2. A 25mm diameter pin connected the rotary disc to link 
2 at C (fig. 2.2). 
2.2.3 Oscillatory input section of the test rig 
A single disc with 100mm effective radius, called 
'the exciter disc' was carefully welded on shaft 
S4 (plate 2). The exciter disc and shaft assembly were 
supported by bearing units BH4 and BHS'(fig. 2.2). Angular 
-contact ball bearings were once again used to take up the 
'end play'. A hydraulic actuator was positioned vertically 
below point F on the exciter disc (fig. 2.2) between the two 
support columns. A specially designed bearing housing was 
fitted onto the ram of the actuator. A pair of links 
160mm in length were used to connect the ram to the 
exciter disc at F. A similar but smaller set of angular 
contact bearings and a pin arrangement were employed at F. 
Care was taken to prevent any end-play at connections to 
ensure that the exciter disc followed the position controlled 
-oscillation supplied by the hydraulic actuator. 
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The hydraulic vibration unit used for the experiments 
Was supplied by Fairey Co. The schematic diagram of 
electrical and hydraulic components is given in fig. (2.2.3). 
Hydraulic 
Power 
Unit 
Input 
1 signal 
Function /1 /\ 
-am- 
Generator 
/ 
Sine 
Wave 
Fig 2.2.3 
Servo 
valve 
Servo 
Amplifier 
11-' 
ACTUATOR 
Feedback 
The hydraulic vibration-generator system. consists of 
a hydraulic actuator controlled by a closed-loop, hydraulic 
powered servo system. Basic components as shown in fig. 
(2.2.3) are. the electronic control unit, the hydraulic 
power unit and the actuator, including the feedback trans- 
ducer. The input signal supplied by a signal generator is 
fed into a servo amplifier which produces a displacement of 
the actuator. The displacement is measured by an inductive 
type transducer which feeds back a signal to the servo 
amplifier in opposition to the input. The effective signal 
controlling the servo valve, which is in the fluid feed line, 
41 
is the resultant. of the input signal, or demand, and the 
feedback signal or response. The effective signal is reduced 
to zero when the required response is obtained. A dis- 
placement transducer changes the system from a flow-control- 
led system to one giving constant displacement for a given 
input signal at frequencies within the limits determined 
by the servo system characteristics. The ram can be moved 
to any position with an accuracy better than 0.25% of the 
total stroke and vibratory motion can then be superimposed.. 
Amplitude and frequency of vibratory motion can be control- 
led from the function generator. The displacement signal 
generated from the servo amplifier can also be varied by 
a potentiometer fitted in the servo amplifier unit. An 
experimental graph relating potentiometer settings to 
actual displacement of the actuator is given in chapter (4). 
The hydraulic power unit has a star/delta starter. The 
unit has a fail-safe indicator in case of an unexpected 
drop in oil pressure or oil temperature rising above 
approximately 500 C. The whole unit is covered by sound 
reducing panels. 
,. 
, 
ýh 
4 
Link 3 was attached to the exciter disc at E (fig. 2.2) 
by using a similar bearing arrangement employed for connect- 
ion at F. Two flanges and dowel pins were also fitted to 
obtain accurate alignment. Link 3 was than connected to 
link 2 at D. Test bearings were situated at C and 0 
(see subsection 2.4). 
J 
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2.2.4 The test bed 
Bearing housings BH1,8H2, BH39 BH4 and BH5 were 
supported by strong columns (plate 1 and fig. 2.2), each of 
equal effective height, 838mm. The height Was determined. 
for correct positioning of the hydraulic actuator and also 
enabling free movement of link 2 and link 3 in a vertical 
plane as well as providing conditions for suitable spring 
loading of the linkage mechanism. Horizontal distance 
between the centres of the exciter disc and the rotary 
disc (ie. axes of shafts 52 and S4) was measured to be 
775mm by using accurate optical equipment. 
The support columns were'bolted onto a previously 
designed vibration isolation platform. The vibration 
platform helped to reduce; 
(a) vibrations transmitted to the experimental system from 
the floor, 
(b) force transmission during test from the system to the 
building structure, 
(c) floor loading since the load of the test rig was 
placed over a large area. 
2.3' Special design features 
2.3.1 
. 
The rotary disc 
A split clamp arrangement as shown in plate 3 was 
adopted so that link 2 and the bearing pin could be removed 
by unscrewing 4 high tensile bolts and then removing the 
split clamp. Theoretically-it Was determined that the 
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bearing force at the connection of link 2 and the rotary 
disc varied due to inertia effects of link 2 and the rotary 
disc. Action was taken to avoid sharp changes of bearing 
load under normal operation (see also Fawcett and Burdess, 
ref. 14). Half of the total mass of link 2 was assumed to 
be acting at C (plate 3). The rotary disc was then stat- 
ically balanced by shifting the centre of rotation of the 
disc 12mm from its geometric centre. Two holes of 70mm 
diameter Were also drilled to reduce the mass and inertia 
of the rotary disc. 
2.3.2 The exciter disc 
The hydraulic actuator was attached to the exciter 
disc at F (fig. 2.3.2)t. The exciter disc was designed 
such that link 3'could have been connected at E or El to 
give maximum geometric configuration of the linkage mechanism. 
/F 
oo 0 El O 
\ EO 
Exciter disc 
Fig. (2.3.2) 
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subsection 2.6), is shown in plate 4. The bearing pin was 
firmly clamped in the rotary disc. The bearing bush was 
positioned inside a clamp which was-split along its axis 
and secured onto link 2 by using two bolts. A third bolt, 
nearest to the bush was used to grip the bearing bush 
lightly, so as not change its circular shape and thereJre 
preventing it from slipping. A thin metal sheet was 
inserted into the slot for this purpose. Two brass rings* 
were used on the sides of the clamp as spacers in order to 
prevent link 2 hitting against the sides of the rotary disc. 
It was found that the diameter of the rings (slightly 
bigger than the pin) and width of the rings had to be 
carefully considered to prevent heat and noise generation 
during the operation of mechanism (see subsection 2.9). 
The second test bearing connected link 2 and link 3 (plate 
5). The clamp at the end of link 2 was similar to that used 
for test bearing 1. The bearing pin in this case was 
secured to the end of link 3 by using a U-shaped split 
clamp. 
2.5 Choice of test bearing material 
It was required that the plain test bearing should 
perform satisfactorily under the following' conditions, 
(a) the surfaces must be able to withstand large impacting 
loads without the risk of overheating, excessive wear and 
seizure, 
(b) perform with or without lubrication, 
(c) be usable with steel shafts or pins giving little 
friction. 
41 
ý. ýý 
4U, 
I 

Ys 
k"- 
&i1 
Arce! eror 
I 
17 
ti 
Link 2 
MOW 
as 
ýT 
V 
49 
Bonded dry lubricated (P. T. F. E) plain bearings and 
Dunlop's metalstick rubber to metal bearings were tested 
by Uu (ref. g). He found that they were not suitable as 
there were problems in achieving required concentricity, 
and also preventing flexibility and superficial welding. 
The preliminary tests resulted in bearing seizure, partly 
due to misalignment in the bearing assembly. He found 
that commercially available Morgan sintered bronze oil- 
retaining bearings uere quite satisfactory for the tests. 
The bearings needed to be 'run-in' for a feu hours to 
establish sufficient boundary lubrication. 
bearing was used for the present work. 
2.6 The transducer assembly 
This type of 
It was decided that shock accelerometers with their 
matching electronic equipment were to be used to record 
acceleration levels due to impact in the test bearings. 
Two accelerometers were mounted on each test bearing in 
perpendicular directions. They were glued. onto brass 
studs using Eastman 900 adhesive, in-order to avoid any 
electrical earthing problem and also for easy removal of 
the transducers, and then securely embedded into the 
split clamps along the axis of the clamp and perpendicular 
to it (plate 4, plate 5). This uas necessary to ensure 
that the signals picked-up by the transducers Were not 
subjected to any attenuation. Cables carrying the signals 
were run along link 2 and link 3 to the exciter disc and 
charge-amplifiers (see also Appendix C). Instrumentation 
used in the measurement of the impact magnitude is described 
50 
in Chapter (4). 
2.7 Hass and spring addition 
In conjunction with the theoretical study of the test 
mechanism (chapter 3), a decision was made that a body of 
mass 1.5 kg and tension springs of varying stiffnesses 
were to be added to the system. Attachment of the spring 
to. link 3 at a distance of 140mm away from test bearing 2 
is shown in (plate 6). An L-shaped bar was used to adjust 
initial tension in the spring as required. Calculations 
of the geometric configuration of the unit is given in 
chapter (3). A stable operation of the spring was achieved 
by clamping the spring ends onto small diameter pins. 
Each pin was then placed in bearing units thus allowing 
the spring to operate freely without any torque being 
applied to the spring ends (see also Appendix A). 
2.8 The guard design 
It was necessary to guard the moving machine parts=so-Uvat 
(a) if one of the links was broken, it would shoot off in 
the vertical plane in which the linkage mechanism was 
operatiny, 
(b) rotation of link 2 with the rotary disc if there was 
a break at D (fig. 2.2). The purpose of the'guard, in the 
latter case is not to stop link 2 rotating, thereby causing 
damage to the transducers located on link 2, but to allow 
the researcher enough time to disengage the clutch safely. 
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The practicability of working inside the guard. to 
dismantle links for bearing measurements, was another 
factor influencing the design of the guard. ' A brief 
dynamic analysis was carried out to determine the required 
strength of the guard in order to*withstand the impact. 
Construction of the guard is given in Appendix(A): It is 
essentially two U-shaped tubes of 32mm diameter, positioned 
300mm apart. Strong 3mm diameter wire mesh (25.4mm x 25.4mm) 
was welded along these tubes on both sides (plate 1). 
Another guard was placed over the timing belt which trans- 
mitted power from the motor to the system. It was necess- 
ary to prevent loose clothing, ties etc. being pulled in 
while working close by. 
A Siemens electromagnetic clutch was another device 
used for safety (mounting arrangement is given in sub- 
section 2.2.2). Its function was to prevent any damage 
to the test rig and the transducers in case of emergency 
(ie.. bearing seizure, loose cables) by disengaging the 
mechanism from the motor and the flywheel assembly. The 
clutch was also disengaged for stopping the mechanism 
after completion of a test, rather-than gradually reducing 
the motor speed. This process helped to avoid overloading 
of the motor. 
The clutch was selected for a high torque rating for 
satisfactory operation. 24 volt direct current was supplied 
from a rectifier specially built for this purpose. Working 
principles and a test procedure for checking possible 
53 
magnetic field effect. of the clutch are given in Appendix(B). 
2.9 Checking the capability of the test rig 
An accelerometer was placed on top of link 6, fig. (2.2) 
to check the performance of the hydraulic exciter. It was 
found that for the frequency range of 0- 30 Hz and an 
amplitude range of 0- 30mm, the exciter smoothly followed 
the input displacement. The alignment of the rotary disc, 
link 2, link 3 and the exciter disc were carefully checked. 
the clutch was found to be satisfactorily in operation. 
The test rig was found to operate satisfactorily for the 
input motor speed range of 120 - 450 rev/mi-n. A certain 
amount of vibration was however observed on the isolation 
platform when the input motor speed was increased above 
500'rev/min. 
Some difficulty was experienced with the brass rings, 
(see subsection 2.4). If they were a loose fit excessive 
noise was generated and if a push fit overheating and 
excessive wear resulted. A compromise eventually gave 
a satisfactory performance. 
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3.1 Introduction 
Motion analysis of the test rig presented here was 
developed simultaneously with the work given in chapter 2. 
The equations of motion and the geometric'constraints which 
describe the system are developed using a zero-clearance 
dynamic analysis. The equations, linear in the second order 
terms are solved by a numerical integration procedure. 
The changes in the bearings force loci due to a-body and 
spring addition to the linkage mechanism are-discussed. 
., -, 
3.2 -Zero-clearance analysis 
Kinematic and dynamic analysis of the test mechanism 
are calculated with the assumption that all joints in the 
system are ideal, that is, no additional degrees of free- 
dom are introduced by clearance in the bearings. All links 
are considered to be rigid. This follows from the recent 
Work done by Wu (ref. 9). He has shown that contact loss 
could be predicted in ai clearance bearing from a zero- 
clearance analysis of the mechanism. He also carried 
out a clearance analysis of the mechanism in uhich. the 
clearance in the test bearing Was assumed to be a massless 
link of constant length. He stated that although it was 
possible to predict contact loss at a clearance bearing by 
using a clearance analysis, the method was lengthy in 
computation and not easily applied in design. 
1 
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3.2.1 Kinematic analysis 
The fixed frame of reference OXYZ is chosen for the 
following analysis where the axis OZ is perpendicular to 
the plane of motion of the linkage mechanism. Unit vectors 
i and j are in the directions of the OX and OY axes respect- 
ively. 
The geometric arrangement of the linkage mechanism can 
be expressed in their vector loop forms. Consider the 
diagrammatic arrangement of the system as shown in fig. (3.2.1). 
The system can be expressed by writing equations for loop 1. 
and loop 2 as follows; 
RI +R2+R3+R4+R5=0 
R7 + R6 + R22 + R8 =0 
Each vector R1 to R8 is' expressed as J~ 0ý 
R, = R(Cos(O) i+ Sin(p) J1 
(3.2.1.1) 
(3.2.1.2) 
where R is the magnitude, 0 is the phase angle. R22 which 
represents the actuator input displacement is written as 
R2 (EXC)Sin(W22t) (3.2.1.3) 
since the actuator operates only in j direction where (EXC) 
is the amplitude of oscillation, W22 is 23T x frequency of 
oscillation, t is the time variable. Equations (3.2.1.1) 
and (3.20.2) can be further expressed in scalar form-in' 
i and j directions. 
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R1 Cos(01) + R2 Cos(02) + R3 Cos($3) 
+ R4 Cos(04) + R5 Cos(P5) =03.2.1.4 
R1 Sin(p1) + R2 Sin(02) + R3 Sin(03) 
+ R4 Sin(04) + R5 Sin($5) =03.2.1.5 
R7 Cos($7) + R6 Cos(06)., + RB Cos(08) =03.2.1.6 
R7 Sin(07) + R6 Sin(06) + (EXC) 'Sin(W22t) 
+ R8 Sin(y18) =, 0 3.2.1.7 
Vectors R5 and R8 are stationary vectors. 
The exciter disc was manufactured such, that the following 
relationships hold; 
R4. = R7 and O4 = o7 +a 
where a is a constant. For the experiments to be described, 
a. = 70°. Equations (3.2.1.4 to 3.2.1.7) are differentiated 
twice to obtain ý and 0 terms, since 
d" 
ýat(R 
Cos()) 
"_ 
-ý R Sin(p) 
d 
. -(R Sin(O)) _ +O R Cos(0) 
dt 
d2 
2(R Cos(0)= -R[ 
(0) Sin(d) + (0)Cos(0) --- 
2 
dt 
d2 
-2(R Sin(O)) _ +R 
((0) Cos(O) - (1ý)2Sin($) 
] 
dt 
Second-order differential equations resulting from differen- 
tiating equations (3.2.1.6'& 3.2.1.7), are written in the 
following matrix form 
1\ 
9 
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-R6 Sin(ft) -R7 Sin(07) $6 k51 
R6 Cos(06) R7 Cos (07) 0? ks2 3.2.1.8 
where ks1 = R6 (16) 
2 Cos(06) + R7 (O7)2 Cos(07). 
ks2 R6. ($6)2 Sin(06) + R7 (ji7)2 Sin(07) 
. -(EXC) (W. 22)2 Sin( w22 t) 
The initial values in the integration process are the 
displacements and velocities of the links. at time to (see 
also subsection 3.4). The first order differential equat- 
ions describing velocities (06) and (07) are obtained by 
differentiating equations (3.2.1.6) and (3.2.1.7) with 
respect to time. Since the angular displacements, P6 and 07 
are known from the geometry of the mechanism at time to, 
these values can be substituted in the first order diff- 
erential equations to obtain 06'and 07 at time to. Matrix 
equation (3.2.1.8) is then solved numerically giving 06, 
0 60 $6, $6 and $7, $7 and 07 (see subsection 3.6). 
Since $4 = $7 +a.. , 
$4 in equations (3.2.1.4 and 3.2.1.5) is 
known. Equations (3.2.1.4) and (3.2.1.5) are used in 
conjunction with the equations of motion to obtain time- 
displacement, velocity and acceleration responses of link 1, 
link 2 and link 3. 
3.2.2.1. Bearing force analysis 
Free'body diagrams of the elements that make-up the 
linkage mechanism are constructed to obtain the equations 
of motion. They are then put in matrix form together uith 
60 
the second order differential equations obtained by differ- 
entiating equations (3.2.1.4 and 3.2.1.5). The matrix 
equation is solved numerically, to obtain reaction forces 
at the bearings, the time-displacement, velocity and accel- 
eration responses of the links. 
The general form of the equations of motion can be written as 
(a) Motion of the mass centre 
F=ma '3.2.2.1 
(b) Motion about the mass centre or a fixed point 
M.. ýr 3.2.2.2 
These two vector equations can be expressed in 3. scalar 
component equations for a two-dimensional problem in the 
OXY plane (fig. 3.2.1). Therefore in the scalar form, the 
equations (3.2.2.1) and (3.2.2.2) become 
FX m XC 
Fym yý 
Mc = Ic 0 where c is the mass centre 
N" 00 
or Mo = Jo $ where o is a fixed point. 
To express the connection forces Fx and Fy for all 
the links, a general approach Was conveniently adopted. 
Reaction forces for ith and (i + 1)th links at A (fig. 3.2.2) 
Xyx F(y i+1), i, and F(i, i+1)' F(i, i+1) 
0 
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((1+1, j) F(i i+1) 
nth link A (i+1)th link 
xx F(i+1, i) F( i"i+1) 
Fig (3-2.2) 
x_x and also F(i, i+1) F(i+1,, i)" 3.2.2. S 
F(it i+1) = ýF(i+1, i) 3.2.2.4 
The above equations hold trus since reaction forces are 
equal and act in opposite directions. 
3.2.2.2 The rotary disc and flywheel assembly 
-tflL1I .IT 
Bearing 
housing 
,H 
Rotary disc 
Clutch LI Bearing 
housing 
Flywheel 
Motor 
drive 
A flywheel is added to the system to reduce fluctuation 
of the rotary disc over a cycle. The calculations are given 
in subsection (3.5). Having reached the required input 
motor speed, -the system is considered to be a conservative 
one, the motor being used only to overcome frictional 
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losses. The free body diagram of the rotary disc and the 
flywheel is given below where Ida is the'mass of the 
rotary disc thkh 'is at a distance e from the axis of rotat- 
ion at 0 (the construction of the rotary disc is given 
in subsection (2.3.1). 
Rotary disc, (I O) FY' 21 
Flywheel, (IF )C F2 x 21 
Fa 
0 01 
-ý -" C-G x 
\ R1 
mdä g 
% 
F ree body diagram of the rotary disc & flywheel assembly 
Equations of motion for the Assembly 
'" 
M' da Xg 
FX 21 + FX a 3.2.2.2.1 
mda yg =. F21 + Fä mda g' " 3.2.2.2.2 
(I0 + IF) 
'01 
= -F21 R1 Sin(p1) + F21 R1 Cos(o1) 
-mda ge Cos(TC+ X11) 3.2.2.2.3 
Where F21 and F21, bearing forces acting at C, from link 2, 
Fä, Fä. are resultant bearing forces acting on. the shaft 
in the X and Y directions. 10 and IF are moments of 
inertia of the, disc and flywheel about 0 respectively... 
'g' is the gravitational acceleration (9.8066 m/s). 
2 
Dimensions, mass and moments of inertia values are given 
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in Appendix (A). 
60 00 The accelerations terms of the C. G. of the disc,, xand y9 g 
are given by the equations 
Xg a -a[ß1 Sin(TC. + 01) + (01)2 Cos (TL± 01) 
jig e[ 01 Cost[ + 01) - (j61 )2 Sin (n + 01)1 
3.2.2.3 Link 2. 
The forces acting on-this link were the bearing forces 
at the ends and its weight. Eventhough link 2 is symetrical 
about the centre line, S2 and (R2 - S2) values were adopted 
to'denote lengths from the ends of the link to the C. G., 
this is done simply to reduce computing time as it is 
systematically used for all links. 
Equations of Motion for link 2 are as follows (free body 
diagram of link 2 is on the next page); 
m2 Xd2 Fx + 132 3.2.2.3.1 
m2 
yd2 Fý2 + F32 - m2 g 3.2.2.3.2 
12 02 =+F12 S2 Sin(02) - F, 12 S2 Cos(02) / 
-F32 (R2 - S2) Sin(12) + F32 (R2 - 52) Cos(02) 
3.2.2.3.3 
where xd2 and yd2 are the acceleration components of the 
centre of gravity of link 2 which are given by the Toll- 
owing equations; 
d2 d2 Xd2 
-dt 2 (R1 Cos(01)) + 
dtZ 
(S2 Cos(02)) 3.2.2.3.4 
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.. d2 d2 
yd2 zu --2 (R1 Sinol) + -2 (52 Sin02) 3.2.2.3.5 
dt dt 
F Y. ýý. 
2 
x F 32., 
3.2.2.4 Link 3 
This link connects link 2 to the exciter disc. Its moment 
of inertia about the centre of gravity is 13. 
Fx 
43 
D r23 
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Equations of motion for link 3 are as follows; 
"" xx' m3 Xd3 = F23 + F43 
yy m3 'd3 = F23 +F 43 - m3 9 
13 03 = 123 S3 Sin(03) - F23 53 Cos(03) 
Fx 
43 (R3 - S3) Sin(03) + F43 (R3 - S3), Cos(03) 
Accelerations of C. of 
d2 
xd3 =- (R1 Cos(01))+ 
dt2 
2 
'd3 = 
dt2 
(R1 Sin(01))+ 
G. of link 3 are 
d2 d2 
- (R2 Cos(02))+ - "(S3 Cos(03)) 
dt2 dt2 
d2 d22 (R2 Sin($2))+ d2 2 
(53 Sin($3)) 
dt dt 
F23 and F23 are the bearing forces at the connection point 
D With link 2. F431 F43 are bearing forces at E where the 
exciter disc is connected. S3, R3, m3,13 are all given 
in Appendix (A). 
3.2.2.5 The exciter disc 
This disc'is used to transfer the movement from the hydraulic 
actuator as a displacement input for R4 to form a 5/bar 
linkage mechanism (loop 1 in fig. 3.2.1). The centre of 
gravity of the exciter disc Was experimentally found to 
be at a distance (p) away from the axis of oscillation 
and at an angle of 125° with the direction of vector R7. 
Equations of motion in X, Y and 0 directions are 
mx= FX + FX + FX 3.2.2.5.1 b bg 34 67 b 
YY+ FY mb ybg = F34 +F 67 b- 
mb g 3.2.2.5.2 
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125' 
Y Fb /6Y7, 
C. G R7 F Fx 67. 
T Fb mbg 
R4 07 
FY 
34 m7+ Cc 
Ex F34 
Free body diagram of the exciter disc 
IT 07 = F34 R4 Sin(07 +CV) - F34 R4 Cos($7 "+ a) 
-F6? R7 Sin(07) + F67 R7 Cos(07) - mb 9P Cos'(07 + 125°) 
... 3.2.2.5.3 
Where xbg and ybg are the accelerations of centre of 
gravity. 
d2 
00 -x=(p Cos($7 + 125°)) 3.2.2.5.4 b9 dt2 
2- 
jibg =d2(p Sin(07 + 1250)) 3.2.2.5.5 
d 
IT is the moment of inertia of the exciter disc about the 
fixed point T. 
Dimensions , mass and moment of inertia values of the 
exciter disc are given in Appendix (A). 
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3.2.2.6 Link 6 
This link connects the exciter disc to the hydraulic 
vibration actuator. The link is symetrical and of uniform 
thickness, therefore the C. G. is taken to be R6/2 distance 
away from one end. F226 and F226 are the reaction forces 
at the actuator. end, F76 and F? 6 are the reaction forces 
at the exciter disc connection end. 
Fy 76 
06 \\ý 
FX 000,76 
R6/2\ ýý 
F 226 
R6/\2 
mý G FX226 
Equations of motion; 
m6 Xd6 = F76 + F226 3.2.2.6.1 
00 m6 yd6 = F76 + F226 - m6 9 3.2.2.6.2 
16 06 = +F76. (ß) Sin(P6) - F? 6 
(16) Cos(06) 
-1226(26) Sin(06) + 1226(26) Cos(06) 
0400 3.2.2.6.3 
Where x and are the accelerations of centre of d6 
gravity of link 6; 
.0 d2 d2 xd6 
dt2 
(R7 'Cos(07)) + 
dt2 
() Cos(jd6)) 3.2.2.6.4 
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22 
'd6 
dt2 
(R? Sin(07)) + 
dt2 
(26 Sin(06)) 3.2.2.6.5 
16 and m6 are moment of inertia and mass of link*6 resp- 
ectively. Numerical values of all parameters are given 
in Appendix (A). 
3.3. Matrix formation 
The 15 equations obtained from the bearing force 
analysis (subsection 3.2.2) and the 2 equations resulting 
from the second order differentiation of equations (3.2.1.4) 
and (3.2.1.5) are put together in a matrix form in fig(3.3) 
to be solved numerically for the 17 unknowns written 
below; 
40 
$1' 02' 03r Fa' Fä' F21' F21' 132' F32' 143' 143' Fb' Fb' 
F67, F6? 9 F225 and F226" It is also required to specify 
the time-displacements (01,02,03) and velocity responses 
(ý)9ý29 ý3) of link 1, link 2 and link. 3. 
Initial values of Oi, - 2, and 03 are calculated from 
the geometry of the mechanism. Initial. velocities of link 2 
(j2) and link 3 (j3), for a given initial input motor 
speed (ý1) are calculated 'by solving the matrix equation; 
R2 Sin(02), R3 Sin(03) j2 
R2 Cos(02), R3 Cos(03) $3 
-R1 (i1) Sin(j01. ) 
-R1 (ii) Cos(01) 
0 ... - 3.3.1 
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11 R1 Sin(p1) 
13 = R3 Sin(03) 
15 = R2 Cos(02) 
17 =m da 
e Sin(Tt + $1) 
1g=ID+IF 
111 = R1 Cos(01) 
1 13= m2 S2 Sin(P2) 
115= m2 52 Cos(02) 
117= 52 Cos(02) 
119=(R2 - 52) Cos(02) 
121=. m3 R2 Sin(02) 
123=' m3 R1 Cos(o1) 
125= m3 53 Cos($3) 
127= S3 Cos(03. ) 
129= (R3 - 53) Cos(03) 
131= R7 Cos($7 + Cz) 
133= R7 Cos(07) 
135= 137= (26) Cos(06) 
12 = R2 Sin(02) 
14 = R1 Cos(o1) 
16 =R3 Cos(03) 
1=me Cos(Tt+ O1) 
;8 da 
1 1C= R1 Sin(O1) 
112= m2 R1 Sin(O1) 
114= m2 R1 Cos(O1) 
116= S2 Sin(02) 
118= (R2 - S2) Sin(02) 
120= m3 R1 Sin(01) 
122= m3 S3 Sin($3) 
124= m3 R2 Cos(02) 
126= 53 Sin(03) 
128= (R3 - 53) Sin(03) 
. 130= R7 Sin(07 +a. ) 
132= R7 Sin(07) 
134= "136= () Sin(06) 
26 
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k1 =-R1(01)2 Cos(p1) -R2(02)2 Cos(O2)'-R3(O3)2 Cos(03) 
40 *2 
-R7(07) Sin(P7 + CL), -R7(07) Cos (07 + a, ) 
k2 = R1 (J1 )2 Sin(O1) +R2(j2)2 'Sin(02) +R3(j3)2 Sin(03) 
-R7(j7) Cos(07. + a) +R7(ý7)2 Sin(07 +a) 
k3 =-mdae (01 )2 Cos( lt + X11) 
k4 = mda 9 -mda e(j 1 )2 Sin, It + $1 ) 
k5 =-mdag e Cos(. Tt + O1) 
k6 =-m2 R1(01)2 Cos(01) -m2 S2(O2)2 Cos(02) 
k7 = -m2 R1 (ý1)2 Sin(O1) - m2 S2 
j2)2 
Sin(02) + m2 g 
k8=0 
k9 -m3 R1 . (01)2 Cos(01) - m3 R2 
(02)2 Cos(02) -m3 53 (i3)2 
Cos(03) 
k10 = -m3 R1 (01) 
2 Sin(01) -m3 R2 (02)2 Sin(O2) 
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2 
-m3 53 (03) 8-in(03) + m3 9 
k11 0 
k2= -mb p 
[($7) Sin( 125° + $7) + (O7)2 Co, 1( 125° + 
$7) ] 
k13 = mb pi (07) Cos( 125° + 07) (07)2 Sin( 125° + 07)] 
+mbg 
k14 = I. T (07)+p mb 9 Cos( 125° + X17) 
k= 
15 -m6 
{R7[(017) 
Sin(07) + (j67)2 Cos(07) 
+ (R6/2) [(O6)Sin($6) + (06)2_ Cos (06) 
9 of 
k 16 =m6 R7 
[(07) Cos(07) - (07)2 Sin(0? ) 
1+ R6/2[(6) ' Cos(06) 
- (ý6) 
2 -Sin(O6)]} + m6 9 
k17 = I6 $6 
a 
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.4 Computation 
3neral matrix form of the equations are given as follows; 
m1,1 . m1"J O1 k1ý1 
. 
On 
. 
F1 
.. 
mýý1 . m3,3 F(J-n) kJr1 
.. 3.4.1.1 
or [M](X)_(K)3.4.1.2 
where[M] is jxj square matrix which contains mass, length, 
angular displacement and moments of inertia of dynamic 
elements. ( X) is a 1xj column matrix which contains 
acceleration and bearing force terms. 
( K) is a 1xj column matrix which contains mass, length, 
angular displacement and second order angular velocity 
terms of dynamic elements. 
Both sides of matrix equation 3.4.1.2 was multiplied by ;. 
1 
inverse square matrix [M ) to give 
-1 
" (X1. MI (K) 
The flow diagram, fig. (3.4.1.3) shows the method of solut- 
ion. The angular accelerations and bearing forces required 
" were computed at time zero from specified initial values 
of angular 'displacements and velocities. -Matrix 
[M] was 
inverted and multiplied by ( K) column matrix numerically 
with the use of Q. I. C. Computer Centre library program 
F04ARA. 
Begin 
Read physical parameters of the 
system 
Select 
4/bar or 5/bar linkage 
mechanism 
Read initial values of displace- 
ments and velocities 
Evaluate remaining initial 
velocity terms 
Select 
s ring or mass addition 
Select 
integration step & accur2S. y. - 
Time 
step 
No 
Read equations. of 
motion 
Integration 
(F04ARA) 
Calculate 
bearing forces 
Print impact 
condition parameters 
Matrix inversion 
and multiplication 
Desired accuracy 
Print displacement 
One velocity, accel"eratio 
complete cycle bearing forces 
Yes 10 
spring force 
"& Graphs 
73 
No 
Yes I 
End 
0 
Fig ( 3.4.1.3) FLOW CHART FOR- DYNAMIC ANALYSIS 
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Acceleration values together with angular displacements of 
links and velocities were then used with library procedure, 
D02AHA for numerical integration to compute links posit- 
ions, velocities and bearing forces at an increment of time. 
The procedure D02AHA uses variable-order Adams method based 
on Krogh's algorithm. The procedure obtains an estimate 
of the local error at each step and varies the order and 
length automatically to keep this estimate below an error 
bound specified by the user. It is. generally faster than 
Merson's method for long ranges, and for high-accuracy work. 
3.5 Calculations for the flywheel 
Although the rotary disc was designed specially 
(subsection 2.3.1) to reduce speed fluctuation of the 
rotary disc due to inertia effects of link 2 and, link 3, 
it was still necessary to design a flywheel for. minimising 
speed fluctuations of the rotary disc over a cycle. The 
function of the flywheel was to act as a reservoir, absorb- 
ing energy as the speed increases and releasing it as the 
speed falls. 
Clutch 
unit 
Bearing 
W Bearing support support 
Rotary 
disc 
Flyheel 
Bearing 
SUDDort' 
Fig (3.5.1) 
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The variation of torque T. in fig. (3.5.1) was plotted 
(fig. 3.5.2) against time for-one complete cycle. The 
maximum mean rotary speed of the disc was taken to be 
400 rev/min as this is a little greater than the maximum 
speed used in the experimental work. Although the mean 
torque obtained from the graph was zero, the size of the 
flywheel could be calculated by determining the energy 
levels at A, B, C, D and E on the graph (fig. 3.5.2). 
, -Torque variation 
for one rotation of---the rotary disc,,, 
-- 
CO 
Tcý 
C0EA 
i: 
/B. 
5. C 
1-r 
. 
LM 
c; 1 cycle 
" ý-- T"I ME/S--ý 
Fig (3-5-2) 
The area under the curve'gives the amount of energy since, 
E= 
JTW 
dt 
where E is the energy stored, 
T is the'torque, 
GI is the average speed. 
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Energy levels at_A, 8, C,. D, and E_could be written as 
follows; 
Energy of the flywheel at A=0 
nnnnn B=-a 
nnnnn C=-a +b 
annnnD =-a + b- c 
nnnn" E=-a + b- c+ d 
A=-a+b-c+d- e=0 
Where a, b, c, d and e represent the area under tho. curve 
(fig. 3.5.2). 
E max, the maximum energy stored-in the flywheel was at 
point E on the graph, E min, the minimum energy stored was 
at point D. Let's say w1 and W2 are the . maximum and 
minimum speeds at D and E respectively. If 6W is the 
change in the mean speed 0, U1 and w2 could be expressed 
as; 
w2 w+6w 
w-bw 
. 
The change in the kinetic energy AE _ (E max -E min) 
will be given by 
0E == (1/2) IF (c 
22 
- w21 ). 
_ (1/2) IF (W-2 +2W 6w + 6w2 W2 + 2Wöw - 6w2) 
(1/2) IF ( 2w6w+ 2w Sw) 
2 IF 6w 
2 
since ( bw ) is small 
Moment of inertia of the flywheel could now be calcul- 
ated since LE is calculated from the graph, Co is-taken 
0 
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as 400 rev/min and 6W is considered to be acceptable 
at a value of. 2%. 
The following relationship is used to determine the. size 
of the flywheel 
Tr Pdr4 IF= 
2 
Where p= density of flywheel 
d= Width nn 
r= radius 
Having included the flywheel in the linkage mechanism, 
(the dimensions are given in sub-section 2.3.3), an example 
of the change in the rotational speed (O1) of the disc for 
an initial input motor speed of 310 rev/min, is given in 
fig. (3.5.3). 
Speed variation-of the rotary discd- 
m 
ID 
M 
C 
co 
jN 
N 
vm 
m 
0 . 025.050.075.100.125.150.175.220.225.250 
TIME'S 
Fig (3.5.3) -. 
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3.6 Usage of the computer program 
ý "ý 
The computer program(see references)was conveniently' 
written-so that it could be used for the following cases; 
(a) Rotary input 4/bar linkage mechanism (ie. When the 
exciter-disc was locked). This was done by setting the 
initial conditions of the oscillation amplitude and freq- 
uency to zero (ie. EXC = 0,, W 22 = 0). 
(b) Oscillatory input 4/bar linkage. mechanism (ie. When 
the rotary disc was stationary). This was'achieved by 
setting the initial values of the disc to zero (ie. 01 = 0, 
ßf1 0) 
(c) Rotary and oscillatory inputs 5/bar linkage mechanism. 
The initial values were set as required. 
The graphs of some theoretical results are presented 
as follows; 
The angular-acceleration-time responses of link 3 (O3) 00 
and link 2 (02) for input motor speed of 300 rev/min are 
given in fig. (3.6.1.1)-. and (3.6.1.2) respectively. Figs. 
(3.6.1.3) and (3.6.1.. 4). give the corresponding responses 
for an oscillatory input of an amplitude 10 mm and freq- 
uency 15 Hz (fig. 3.6.1.8). The acceleration-time response 
of the exciter disc for the same oscillatory input is given 
in fig. (3.6.1.7). The force loci of test bearing 1 and 
2 for an oscillatory input of amplitude 10 mm and frequency 
15 Hz are given, in figs. (3.6.1.6) and (3.6.1.5) respect- 
ively. 
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Figs. (3.6.1.9) and (3.6.1.10) give the bearing'force 
loci'of test bearing 1 and 2 respectively, for an input 
motor speed range of 170 - 370 rev/min. The magnitude of 
maximum bearing force at test bearing 1 increases from 
200 Newtons for 170 rev/min to 800 Newtons for 370 rev/min. 
The bearing force loci do not however pass through the 
origin within the given input speed range. The maximum 
bearing force at test-bearing 2 increases from 83 Newtons 
for 170 rev/min to 320 Newtons for 370 rev/min. The 
bearing force loci, in this case moves from the right of 
the origin to the left, passing through the origin. The 
graphs of maximum bearing force against input motor speed 
for both bearings are given in fig. (3.6.1.11). 
3.7 Impact requirements 
The occurence of impact at a clearance bearing will 
sý be considered by studying the (Y /R 
/rad 
/d number 
already mentioned in chapter 1 and the experimental rig 
was expected to be. satisfactory for testing impact at the 
test bearings for the following general cases; 
(a. ) Impact loading to take. place at test bearing 1. 
(b) un"nn"""2 
(c) bearings 1 and 2. 
(d) No-impact loading to take place in either test bearings. 
Achievement of the above impact requirements within the 
given input motor speed range, oscillation frequency and 
amplitude range was considered possible by loading the 
system'with an additional inertia mass and/or spring 
loading. 
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Polar force graphs for test bearing at C(test bearing 1), 
Rotational input 4/bar linkage mechanism. 
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Polar force graphs for test bearing at D(test bearing 2), 
Rotational input 4/bar linkage mechanism. 
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A large number of geometric configurations for the 
best possible way of adding body or a spring to the system 
was theoretically studied. The changes of bearing force 
loci were carefully analysed. 
3.7.1 Mass addition 
Rotary 
C'%0ý disc 
Link 2 
D 
Fig (3.7.1.1) 
G 
mag 
Exciter 
disc 
added body 
It was not practical to add a body onto link 2 as it' 
Was confined to move between the two parts of the rotary 
disc (see fig. 2.2). It was therefore decided-that a body 
of mass 1.5 kg be clamped onto link 3 at the centre of 
gravity (fig. 3.7.1.1). The equations of motion for link 3 
(subsection 3.2.2.4) were re-arranged to-include the 
addition mass-(ie. m3 + ma was taken instead of m3, where ma 
is the added mass). Similarly 13 +. IA was taken instead 
Link 3 
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Polar force graphs for test bearing at C(test bearing 1), 
Rotational input 4/bar linkage mechanism with added mass, 
170 rev/min 290 rev/min 
G 
O 
G 
O 
-70.0 G 10.0 50. OC o 
z x 
Cl 
\ I -4D. DD 
`ý 
.D 4D. DD Z 
r.. 
N 
O 
°. 
\ 
ö 
r 
- o 
1 
N 
ti t 
p 
G 
" 
O 
O 
O 
p O 
[V 
1 
W 
1 
,> F21X /N--> i -FZ1X IN x10' -> 
.. 210 rev/min 330 rev/min 
o 
0 
- p 
0 
N 
O ý O 
-20.00 
`ý 
.0 
20. D0 -90. D0 
`ý 00 'fD. DO 
Z Z 
\ o 
\ o 
G r 
O 
N 
Li.. 
o 
ý 
o 
o G 
0 0 
1 t 
F21 X IN 10' -ý ý-- F2 1X. IN M(10' __ 
250 rev/min 370 rev/min 
o G _ "- o G 
O C) 
G 
-2D. D0 . 00 2D. 00 
00 C 50.00 
Z 
\ o 
\ o 
O 
r 
G 
N N t N 
a 
1 
G /A O 
O 
LID I t 
; o-- F 21 X IN 10' -ý ; i---- F 21 X IN 10' ---ý 
FIG (3.7.1.2 ) 
Polar force graphs for test bearing at D(test bearing 2), 
Rotational input 4/bar linkage mechanism with added mass. 
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of 13 where IA is the moment of inertia of the added body 
about its CG. The force loci for test bearings 1 and 2 
(figs. 3.7.1.2 and'3.7.1.3) did not however, differ greatly 
from those without the added body. The changes in the 
" /rad sý number (Y/ R. 
N) 
are discussed in chapter 6. 
3.7.2 Spring addition 
Rotary 
Coodisc 
Link 3 
LA 
Link 2 
D Spring 
FS 
. 
Fig (3-7-2.1) 
Exciter 
rdisc 
The addition of a tension spring to the mechanism as. 
shown in fig. (3.?. 2.1), required a complete geometric study 
of the attachment. Having considered a number of possible 
attachment positions of the spring onto link 3, it was 
-decided that it would be clamped at a distance of 140 mm 
from the test bearing at D. The geometric description, 
of the spring attachment (fig. 3.7.2.2) was needed in order 
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to calculate the correct value of the spring load as a 
function of angular displacement (O3) of link 3. 
Equations of motion for link 3 (see subsection 3.2.2.4) 
Were re-arranged to accommodate the spring force. 
m3 *x d3 =F 23 
x+F 
43 
x+ FS Cos( 6S ) 3.7.6.1 
m3 'd3 = F23 + F43 - FS Sin( )- m3 g 3.7.6.2 
13 $3 F23 S3 Sin(03) - F23 S3 Cos(03) - F43(R3-S3) Sin(03) 
+F43 (R3-S3) Cos(03) + (53-LA) FS Cos(a5. n /2) 
.... 3.7.6.3 
Where the reaction forces and the acceleration terms are 
as before. FS is the spring force, as and bs are the 
angles shown in fig. (3.7.2.2). 
Spring force FS can be expressed as 
FS =Ti 
, 
+k. X 
Where Ti is the initial tension of the spring, k is the 
springstiffness and x is the spring extension. 
; Ti and k are experimentally determined (Appendix A). 
The extension of the spring x, was calculated as follows; 
LA = "14 m(fig. 3.7.2.2) 
LP = "2 m 
LH = "753 m 
m LS . -1584 
VAN = 18.6 
LB = "62 m 
Platform base 
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Fig (3.7.2.2) *SPRING ATTACHMENT 
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LAR =" 447 m 
S3 = "335 in, R3 = "580 m. 
The above measurements were obtained from*the construction 
of the spring assembly.. ps is given by 
ps= n/2 - (13 +VAN +ANL ) 
Applying the cosine law for triangle EE1. E2 
2- 
2( LAR) (L13) Cos ( 3S ) LC = J(LAR) (LB) 
Therefore 
x=LC- (original length of the spring) 
The angles ots and bs are given by 
_l(LC) ' 
(LAR)? 
. 
(LB)2 
as ý Co! ;, l( 
2 (LC) (LAR) 
ý 
bs ac S_( lt/2 -VAN -0s)) 
Two springs of stiffnesses 671*N/m (middle spring) and 
1167 N/m (stiff spring) were used for. experiments. 
A comparison of figs(3.7.2.3 to 3.7.2.6)_ with figs (3.6.1.9 
and 3.6.1.10) show how the bearing force loci for both 
test bearings-are shifted by the addition of springs. In 
general it is seen that the FX and Fy forces are increased, 
. moving 
the force diagram away from the zero force point. 
The effect. of springs on (I 
/dad 571 ) number will R /N 
be discussed in chapter 6. 
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Polar force graphs for test bearing at C (test bearing 1). 
Rotational input 4/bar linkage mechanism loaded with middle spring. 
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"i , '" 7b. ,. " 1'10. Cä ci 
A 
. 
CJ 
o -ý 
z 
\ i 
z 
ö o 
. 
4,3 
1 
y 
C3 
O O 
N 
io--F21X /N--> «--F21X IN 010' -> 
210 rev/min. 130 rev/min 
0 
... sý.;: iso. oc o 
z M 
7c. 
% 
`L. 
l. V 14G 
VV 
z 
N o G 
LL. 
N 7`- 
C3 o 
N ý= 
1 / 
a- F21 X /N -> ý-- F 21 X IN 010' --ý 
370 rev/min 
250 rev/min 
O 
Cý 
G 
O O 
Q O 
Al c 20 3 -9o. oJ 
`{ ýQ 40.0 
z" z 
ý1 
. C: j 
r G r GI 
r, o r. 0 N N 
v + f cj e, J ý ý CJ 
1 1 
io- F21 Y IN 010' -> - [21 X /N A 10' - 
FIG (3.7.2.3 3 
93 
Polar force graphs for test bearing at D (test bearing 2), 
Rotational input 4/bar linkage mechanism loaded with middle spring. 
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Polar force graphs for test bearing at C(test bearing 1). 
Rotational input 4/bar linkage mechanism loaded with stiff spring. 
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Polar force graphs for test bearing at D(test bearing 2). 
Rotational input 4/bar linkage mechanism loaded with stiff spring. 
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CHAPTER FOUR 
INSTRUMENTATION 
.ý. 
97 
4.1 Measurement of the input parameters 
4.1.1 Input motor speed 
The rotary input speed was measured using a 'rev/mint 
speed pick-off device. A 60-segment disc was fitted onto 
the end of shaft S3 (fig. 2.2 and plate 3). A. U-shaped 
bracket carrying a light source was placed on one side of 
the disc and firmly fixed onto the bearing housing. As 
the disc rotated the segments on it caused the intensity 
of the light source to change, thus providing pulses. 
This incoming pulse repitition rate was compared against 
that of a stable crystal reference frequency provided by 
a D6 rev/min indicator module (plate 7). The gate time 
(ie. time to make one measurement) Was 1, "1, or "01 
seconds, depending on the range selected. The output was 
displayed on a mirror scale moving coil meter, the accuracy 
being 1% of full scale deflection.. The output was also 
digitally displayed. 
4.1.2 Monitoring the position of the rotary disc 
If the position of the rotary disc at impact is known 
then the angular positions of link 2 and link 3 can be 
calculated. A simple electric circuit (fig. 4.1.2a), was 
constructed as. shown in plate 4 (chapter 2). A signal 
proportional to the output current (provided by a battery), 
Was displayed on a U. V. recorder. The electric circuit 
was positioned on top of a bearing block-next to the' 
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15 S2 220 Q 
1.5 V 
__ý_. + Switch 
Earth 
Fig (4-1.2a) 
Bearing 
support 
Electric 
circuit 
Output 36Q 
Galvonometer 
Rotary disc 
unit 
Bearing 
support 
Spring contact Pin 
Fig (4.1.2b) Electric circuit (top view) 
rotary disc (fig. 4.1.2b). The switch was made of a spring 
loaded pointer fixed on the side of the bearing 
block and a similar pointer fixed to the end of the test 
bearing pin on the rotary disc. The output signal recorded 
on the-U. V. paper would be continuous as the disc rotates 
until the circuit is completed by the switch; then the 
output-signal. Would be-zero. This pulse corresponded 
to the specific-position of the rotary disc. A number 
of these pulses were recorded on the U. U. paper along 
100 
with the impact signals thus enabling the calculation of 
the relative angular position of the rotary disc at impact. 
The pulses were also used to measure average motor speed 
since the U. V. paper speed was known. A ý_= potent= 
iometer was also provided in the circuit in order to vary 
the output current (within a range of 6- 30 mA) to suit 
the type of galvanometer used. This method was also useful 
for phasing the rotary input and the oscillatory input 
(chapter 5). 
4.1.3 The oscillatory input 
An oscillatory signal of known amplitude and frequency 
supplied by a function generator, was fed into the servo 
amplifier. The output signal from the servo amplifier was 
controlled by a potentiometer. The exciter disc was sub- 
jected to an oscillatory motion of amplitude proportional 
to the setting of the potentiometer. A perspex protractor 
(see plate2) was used to measure the angular displacements 
of the exciter disc for. various settings of the potentio- 
meter. The protractor was clamped (plate 2) on a bearing 
housing. A perspex ruler containing a datum line was 
fixed on the exciter disc and aligned with the protractor 
for zero position of the actuator. A digital voltmeter 
measured the corresponding r. m. s. voltage of a potentio- 
meter setting. Peak to peak displacements of the exciter- 
disc. against the corresponding r. m. s. voltage were recorded. 
The frequency of oscillation was varied Within a range of 
2= 22 Hz. The graph in . 
fig. (4.1.3.1)-shows. that the 
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displacement-of the exciter disc is proportional to the 
r. m. s. input voltage. This information Was used to set 
the potentio meter for a required amplitude of o$cillation. 
4.2. The measurement of impact acceleration level 
Small piezoelectric accelerometers were positioned 
close to the test bearings for measurement of impact 
acceleration level. ' The electrical signal generated by 
the transducer as a result of an impact, is carried by a 
coaxial cable to a shock amplifier. The amplifier makes 
the signal suitable for delivery to the read o-ut instru- 
mentation, in this study they are U. V. recorder, oscillos- 
cope and digital event recorder. A block diagram of the 
measuring equipment is given in fig. (4.2). 
4.2.1 The transducers 
There are a number of requirements that the 
piezoelectric transducers should satisfy; 
1) Adequate linear dynamic range, 
2) Adequate linear frequency range, 
3) Ability to respond to transient inputs, 
4) Negligible phase shift errors over the frequency 
range of interest. 
Endevco model 226C, miniature accelerometers used 
for tests could satisfy all the above conditions. They 
have a linear dynamic-range of 1000 g for sinusoidal 
inputs and 2000 g for shock inputs. The maximum "g" 
level r. f 100g is expected during the experimental work 
1 
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Fig (4.2) Block diagram of the measuring equipment. 
Test bearing "1 Test bearing 2 
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thus well within the limits. The accelerometers used 
have a'natural frequency of 30kHz which, is expected to 
be well above the frequency of the impact signal.. These 
types of accelerometers uith virtually no damping, have 
0 phase shift up to a frequency of 4000 Hz, and their 0 
transverse sensitivity which is expressed as the per- 
centage of the basic sensitivity acting in a plane 
perpendicular to the direction of basic sensitivity 
signal, is less than 3%. 
4.2.2 The cables 
3060A and 3090A type Endevco cables Were used for 
transmitting the signal to the shock amplifiers. The 
noise that might be generated due to cable motion or 
another electrical field was eliminated by using specially 
treated cables. The triboelectric changes (cable noise), 
normally created when the cable is flexed or squeezed, 
was prevented by having a conductive coating applied 
to the surface of the dielectric of the cable. The 
arrangement for attaching the cables to the test rig 
` provided specific problems. The cables were carefully 
taped onto link 2 and link 3 (see Appendix C). The 
general view of the experimental rig and the matching 
electronic equipment is given in plate (8). 
4.2.3 The shock amplifiers 
. 
Endevco (2740 model) shock amplifiers were particu- 
larly selected in order to record high "g" impact 
signals. The amplifiers are set according to the-sen- 
sitlvity of the accelerometers. The calculations showed 
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that a pulse of, 5000g could accurately be measured 
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Without distortion. The standard and the galvanometer 
output of the amplifiers were set to 10 Volt and 85mA 
peak respectively. Phase shift was less than 2% for a 
frequency range. of 4- 8000 Hz. Pulse amplitude and 
width display unit was used in measuring the peak value 
of the impact signal. 
4.2.4 Recording devices 
The output-signals from the shock amplifier were 
studied on a oscilloscope, U. V. recorder and digital 
event recorder. 
a) Oscilloscope 
used 
A double beam oscilloscope was/primarily for setting- 
up and monitoring. 
b) U. U. recorder 
The major part of the experimental results were recorded 
on U. V. paper. It is a direct method of recording a 
signal. The principle of operation depends upon the 
incident light from-an ultra-violet lamp being deflected 
by the movement of, a small mirror-attached to the gal- 
vanometer. The recording is effected by focusing the 
reflected . spot. onto 
the sensitised print-out paper which 
produces a high contrast recording within a few seconds 
under normal ambient light conditions. The type of 
galvanometers selected for tests was important for 
obtaining the best possible output signal. ' All gal- 
vanometers. are damped either by means of adding re- 
sistance in the, galvanometer circuit (electro-mechani- 
cally damped)-or by surrounding the galvanometer. coil 
107 
with a silicon fluid of suitable viscosity (fluid-filled). 
Damping is necessary to provide the galvanometers with a 
level frequency response, a correct frequency/phase 
angle relationship on the application of a step function 
input. A damping factor of . 64 was suitable for impact 
signals to be recorded. It was also necessary to select 
galvanometers With high resonant frequency and flat 
frequency response so that all frequency components of 
a complex wave form like an impact pulse could be re- 
corded on the U. U. paper. The galvanometer type "65000" 
with a sensitivity of 10.1 mA/cm, Was found to be the 
most'suitable type for this work. 
c) B&K digital event recorder ; Type 7502 was used to store 
impact sig- 
nal. digitally. Input sampling frequency of the re- 
corder was varied from 100 Hz.. to 100KHz. The recording 
time of a signal was determined by the memory size. The 
recorded signal could then be played back at an inde- 
pendently controlled output sampling rate. The output 
signal was recorded on U. V. paper and 8&K level re- 
corder. 
4.3 The measurement of bearing bush and pin profile 
It was necessary to determine bearing bush and pin 
diameters, surface roughness and roundness. Talyrond 
100 equipment was used to measure. the surface roughness 
and roundness of the test bearing. 
The principle of operation (fig. 4.3.1) is such that 
a work piece is centrally placed onto a turntable. A 
108 
Amplified 
Pick up converts 
stylus movements 
to electrical 
signals 
Pen unit 
Pen movements to- 
radial movements 
of stylus multiplied 
by the magnification 
Stylus work piece 
Turntable 
Drive motor 
fig (4.3.1) Schematic diagram showing principle operation 
of' Talyrond 100 
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biassing force of 1.5 Newtons is applied to the stylus 
surf ce to ensure that it follows the/pro 
rile 
of the work piece 
as the turn table is rotated at a constant speed of 6 
rev/min. A pick-up transducer converts the stylus 
movement (radially in response to surface irregularities) 
into electrical signal. This signal is then amplified 
and recorded on a polar chart. A magnification factor 
of up to 5000 could be used. The polar chart is marked 
- so that the maximum departure from roundness could be 
calculated for a given magnification factor. As the 
rotation of polar chart is synchronized with that of the 
turntable, it is possible to locate the position relative 
to a reference line where the maximum surface roughness 
occurred. The equipment enables surface roughnesses 
of 2µm _to 
be measured. 
4.4 The measurement of bearing clearance 
The clearance in a test bearing-was provided by 
machining down the bearing pin by the required amount. 
A capacitance probe and Wayne-Kerr distance meter arrange- 
ment described by C. Wu (ref. 9 , page 72) was used to 
measure clearance. The recorded distance was displayed 
by*a digital milliammeter. The clearance size was cal- 
culated from the differences between the mean values-of 
Yd's at three positions along the clearance region and 
the mean values of Zd's on the pin (see fig. 4.4.1). The 
roundness measurements of the pin were also made at the 
same three positions along the axis of the clearance 
before and after each experiment. 
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Fig (4.4.1) Transducer system for measuring clearance size 
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PRELIMINARY TESTS 
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5.1 Introduction 
The instrumentation described in chapter 4 is now 
used to test the performance of the test bearings and the 
output signals from the accelerometers. The procedure 
for measuring the average motor speed and also the'phasing 
of the rotary input and the oscillatory input will be 
presented. 
5.2 The 'running-in' procedure and roundness measure- 
ments 
The test rig needed to be run for a certain time 
before repeatable impact measurements-could be taken. The 
following procedure was adopted. The pin and the bush of 
the test bearings were cleaned with carbon tetrachloride 
and their roundness measurements recorded on polar charts. 
The test rig was run for four hours. during which time the 
impact level was recorded on the U. V. paper at 30 minute 
intervals. At the end of each interval the pin and the 
bush were both cleaned and a new set of roundness graphs 
taken. A series of tests was performed using clearance 
sizes of 50 µm, 75 µm, and 100µm at input motor speeds of 
180 and 220 rev/min, an oscillation amplitude of 10 mm 
and frequency of 6 Hz. 
The impact acceleration for test-bearing 1 reduced 
from 16.1 g to 11.5 g in the first two hours and then 
remained constant for the next two hours (fig 5.2.1). 
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The impact acceleration for test bearing 2 shows a reduction 
of 7g within the first two hours and then a level of 
29.5 g for the following two hours. It Was therefore 
considered that a running-in time of 3 to 4 hours would be 
sufficient to ensure. reliable impact measurements. 
Fig(5.2.2) shows the roundness charts of test bearing 
1, at the start of a test and following the completion of 
4 hours testing. The clearance in the bearing was 75µm .. 
The charts were taken at three measuring positions, marked 
pos. 12.0,12.8,13.8 for the pin and pos. 10,11,12 for 
the bush (see fig. 5.2.2). The surface roughness of the 
pin was found to be greater. than that of the bush. The 
deviation from roundness for the pin-was not more than 2 µm 
before and after the test, whereas the bush showed 8 µm 
deviation from roundness at the three positions before the 
test and 4µm after the test, -indicating an improvement 
of the bearing surface profile. Similar results were 
obtained for test bearing 2 (fig. 5.2.3).. The lack of 
initial roundness was due to tightening up. of the bearing 
housing. An attempt was made to impr. ove the roundness of 
the original. bearing by using a reamer. The result was 
not satisfactory as there was a considerable increase in 
the surface roughness. 
5.3 Accelerometer recordings 
The next stage was to compare accelerometer readings 
With the corresponding theoretical results. Test bearing 1 
1 
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connects the rotary disc. and link 2, and accelerometers 
AT21. and-AR21 are positioned on link 2 along the axis of 
the link and perpendicular to, as shown in fig. (5.3.1). 
The accelerometers are at a distance d away from the 
centre of the pin, C. 
Bearing pin 
AR21,, ' Bearing bush 
12 /C 
Yd` LINK 2 
AT21. / R2 
R1 
' 01, THE. ROTARY DISC 
. '... 
X 
01. 
Fig'( 5.3.1) Accelerometer off-set at test bearing 1 
The zero-clearance analysis presented in chapter 3, provides 
time-displacement velocity and angular acceleration respon- 
ses of the rotary disc and link 2 (ie. 01,02, j2,02). 
It is however necessary to add accelerometer off-set effect 
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in the theoretical analysis for a correct comparison of 
theoretical results with the accelerometer recordings. 
The outputs AR21 and AT21 are calculated as follows; 
acceleration of point C relative to OXY fixed frame 
RI = R1 Cos(01) i+ R1 Sin(01) j 
by differentiating twice 
Rý1 = a1 i+ b1 j 
Where 
a1 -R1[(01) Sin(01) + (i1)2 Cos(01)] _ 
00 0 
b1 +R1[(01) Cos(01) - (01)2 Sin(01)] 
R1 is then resolved along the directions of the accelero- 
meters AR21 and AT21. 
KAR21 = -a1 Cos(02) - b1 Sin(02) 
KAT21 0" +a1 Sin($2) - b1 Cos (02) 
Accelerometer readings will be affected by -d(ý2)2 since 
they are positioned at a distance (d) from point C. 
Therefore 
2 AR21output KAR21 d(02) 
AR21output -a1 Cos(P2) - b1 Sin(02) - d(O2)2 
AT21output KAT21 
- d($2)2 
2 AT21outPut =", a 1 Sin(02) - b1 Cos($2) - d(02) 
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Experimental accelerometer recordings are given in 
fig. (5.3.2) for an input motor speed of 314 rev/min (rotary 
input 4/bar linkage mechanism). The theoretical results 
AR21output and AT2loutput are given in fig. (5.3.3) for 
comparison. It is seen that the curves compare favourably 
Pck 
both in/magnitude and shape. - 
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Test bearing 2 at 0 (fig. 5.3.4) was treated similarly 
to compare the accelerometer outputs AT32,. AR32 with the 
theoretical results. 
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Fig (5.3.2) 
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Computed acceleration output of test bearing 1 
Fig (5.3.3) 
121 
Bear i ng 
Bearing bush 
pin 
02 LINK 2 
R1 R 2 d 
Y 
/Linkl 
ý"D 
__ _ 
AR32 
0, X AT32 
Fig (. 5.3.4) Accelerometer off-set at test bearing 2- 
Acceleration of point 0 relative to OXY fixed frame 
fD = R1 + R2 
by differentiating twice 
RD s a2 i+ b2 j 
where 
a2 = -R1[(1) Sin(01) + (ý1 )2 Co s(ý! 1 )] 
" -R21(02)5in(02) + (j2) 
2 Cos(02)] 
b2 = R1[ (p1) COS(01) - (j1 )2 Sin(01 )] 
+R21(02) Cos(02) - (02)2 Sin(02)] 
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Rp is resolved in'the directions of accelerometers AT32 
and AR32 
KAR32 = a2 Cos(02) + b2 Sin(02) 
KAT32 = a2 Sin(02) - b2 Cos(02) 
Theoretical results will be affected by -d(02)2 due to 
accelerometer off-set. 
The accelerometer outputs AR32output and AT32output could 
be written as 
AR32output a KAR32 -d (p2)2 
a2 Cbs(02) + b2 Sin(02) -d (j2)2 
AT32output KAT32 -d (ý2)2 
a2 Sin($2) - b2 Cos(02) -d (02)2 
Theoretical results AR32 output-and 
AT32output are plotted 
in fig. (5.3.6) for an input motor speed 220 rev/min (rotary 
input 4/bar linkage mechanism). The experimental results 
given in fig(5.3.5) compare favourably With the theoretical 
results. 
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0 
Next, a more detailed study of the theoretical and 
experimental results was carried out for the complete range 
of input parameters(ie, motor speed, ' oscillation frequency 
and amplitude). Although the accelerometers were calibrated 
by the manufacturers shortly before the tests were carried 
out, the checking of their output responses ensured that 
they were working satisfactorily. 
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The graphs given in figs. (5.4.1 to 5.4.4) compare the 
theoretical and experimental pk. to pk. acceleration 
results., The first four graphs show the comparison for 
accelerometers AR21, AT21, AR32 and AT32 using a rotary 
input 4/bar linkage mechanism at speeds of 170 - 370 rev/min. 
The experimental results generally agree with the 
theoretical results. The experimental values show- 
around 5% deviation when the input motor speed is above 
300 rev/min. 
5.5 Recording of impact signal on U. V. paper 
The response signal from the gross motion of the 
links with the impact signal superimposed., W us. recorded 
using a U. V. recorder. The peak values of the impact 
signal were generally measured by using the pulse amplit- 
ude and width display unit (see subsection 4.2.3). A test 
was carried out to compare the peak values of impact signal 
recorded on U. V. paper with the readings f. rom the digital 
display unit. Impact acceleration peak values of 0-50 g 
were considered. The graph in fig. (5.5.1) gives a constant 
slope-between the calculated impact peak values from the 
trace on the U. U. paper and the digital recordings. A 
deviation of 5% from the mean slope. is recorded which 
becomes the error band for the galvanometer used. The 
experiment was repeated recording the impact signal on the- 
digital event recorder and then displaying on the U. V. - 
paper, as a second check. 
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In the main, recordings were taken using the U. U. 
recorder, because (i) they provided a permanent record, 
(ii) the digital recorder required precise setting to 
obtain the time period in which impact occurred whereas the 
U. V. recorder gave a continuous trace over a number of 
cycles, (iii) the impact position relative to the crank 
angle could be determined from the trace. 
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5.6 Natural frequencies of link 2 
An impulsive force is applied at a test bearing when 
contact is remade. This impulse excites a high frequency 
vibration of link 2 (fig. 2.2).. The natural frequencies of 
link 2 were found experimentally by storing the excitation 
signal, digitally using the. digital event recorder. The 
signal was also recorded on U. V. paper. The excitation 
may be due to flexural vibrations or longitudinal vibrat- 
ions of the beam, depending on the line of contact around 
the bush, of the impact loading and on the end conditions 
of the beam. 
Natural frequencies of the beam(link 2) due to flex- 
ural vib. rations(ref. 17) are calculated from equation 
r 1)4 
W ý2 
E I() 
r 
Ap 1ý 
.... 5.6.1 
Where EI flexural rigidity of beam 
ýr natural frequencies of the rth mode 
A area of cross section 
p mass density 
1 length of beam 
A 
r. 
l)- roots of frequency equation 
The above parameters are found for the beam 
E= 194.5 1091N/m2 
I= 146.3 159 m4 
1=" 39 m", p= 6166 kg/m3 
A{= 1216 106 m2 
(Xr 1) is dependent on the end conditions. 
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Equation (5.6.1) for a pinned-pinned beam is found to be 
W )2 r4 
n4 EI (r 
Ap 14 
The calculated value of the first natural frequency for the 
above end conditions was 636 Hz. It was experimentally 
found to be 61? Hz(fig. 5.6.1.1) by using a digital event 
recorder. 
t 
ýý . ý.. . _:. ýý ý ý_ --. `r `.. __ .__.. _. . _. .. _. ... ä 
Fig 15: 6.1.1) 
-Natural frequencies of the beam due to longitudinal 
vibrations are calculated for a'clamped-free beam from 
(2r-1 )rt /E/P 
Wr... 5.6.2 
21 
The natural frequency was calculated to be 3600 Hz from 
equation(5.6.2), and the experimental frequency was found. 
to be 3582_Hz from graph in fig. (5.6.2.1). This graph 
was obtained by using a digital event recorder. 
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Fig (5.6.2.1) 
5.? The measurement of the average speed of the motor 
An electric circuit (see'sub-section 4.1.2) was 
constructed to provide pulses for locating the angular 
position of- the rotary disc on the U. V. trace as the disc 
passes a fixed reference point. This information enabled 
the calculation of the'angular position of the-rotary disc 
when'-an impact loading takes place in the clearance bearing. 
It was also possible to calculate the average speed of the 
motor-by counting the number of pulses on the trace knowing 
the U. U. paper speed. Two different tests were carried 
out, firstly the average motor speed was checked against 
the rev/min pick-off reading obtained from. D. 6 speed 
indicator module (sub-section'4.1,1). The second test was 
done by tracing a sinusoidal signal of a known, frequency 
range (2.5 to 6 Hz) and calculating the given frequency 
-ý 
-, 
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from the U. V. paper. Both tests showed that the paper 
speed wasµon average 5% slower than that indicated on the 
recorder. When the average motor speed was measured by 
using the. U. V. trace, a correction. of'8 to 12 rev/min was 
made. The table below gives the error'percentage of the. 
Calculated frequencies from the U. V. paper for various 
input frequencies of a sinusoidal signal. 
Input Input U. V. Error 
freq. speed paper 
(Hz) (rev/min) speed 
(rev/min) 
2.5 150 141.7 5.5 
3 180 170.2 5.4 
3.5 210 198.9 5.3 
4 240 227.3 5.3 
4.5 270 256.4 5 
5-. 300 285.7 4.8 
6 360 342.8 4*8 
5118 The phasing of the two independent inputs 
., 
The angular, position of the rotary disc was located 
by the method explained in the previous section, the 
oscillatory, displacement of the hydraulic actuator (see 
fig. 2.2) could also be recorded by using the 'monitor' 
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output of the hydraulic unit servo amplifier. The relation- 
ship between the angular position of the rotary disc and 
the position of the hydraulic actuator is important when 
the test rig is run as two independent inputs 5/bar linkage 
c 
mechanism. The measurements of the angular positions of 
the rotary disc and the zero reference position of the 
hydraulic actuator from the experimental results are then 
uscd as the initial conditions for computing the theoret- 
ical results. 
A test uas carried out to check the possibility of 
the phasing-of the two independent inputs, in spite of the 
small variation of the motor speed over a complete cycle 
(see section 3.5). The average speed. was 180 rev/min, the 
oscillation amplitude 2.6 mm and the frequency 3 Hz. On 
the trace (fig. 5.7.1) the vertical lines are pulses from 
the rotating disc and the wave is a signal from the hydr- 
aulic actuator'. It is seen'that there is no drift. in either 
the speed of the disc or frequency of the exciter over at 
least 20 cycles (or the drift in both is almost identical, 
which is unlikely) and therefore the phasing of the two 
independent inputs remains constant at least over a suff- 
ýý 
r 
i c 
_e.. ý: 
25' m/s 
Fig ( 5.7.1 ) 
icient period for measurements to be taken. 
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Having completed the preliminary tests, a comprehen- 
sive study of the occure. nce of impact end level of impact 
acceleration signal will be presented in chapter 7, foll-' 
owing the analysis of (I 
/rad S1 ) number given in 
--R N 
chapter 6. 
N 
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CHAPTER SIX 
IMPACT CONDITION 
.. 
'. 
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6.0 The occurence of impact 
The occurence of impact at a. clearance bearing can 
s' be predicted by using the number /tad' (R/N) calculated 
from a zero-clearance dynamic analysis of the mechanism 
(ref. 9). A brief description of the method by which the 
number (Y 
/f'Qd Sý)is developed will be presented. The 
R /N 
test rig Was' constrained by the use of tension springs 
/rad in order to obtain changes in (R/N The effect 
of spring stiffness and the, attachment of the spring will 
be examined. An attempt will be made to predict the an- 
gular band of the rotary disc within which impact loading 
is expected to., -take place. The effect of gravity on the 
t/rodS 1)*number 
will also be examined. 
R IN 
Y /rod 6.1 The development of (R /N ) number. 
Consider link 1 and link 2 to be connected by a 
bearing bush and pin arrangement as shown in fig. (6.1.1). 
Let. it be, assumed that link I whose centre is 0, is 
stationary. The'pin which is attached to link 2 will-then 
movo inside the bush provided contact is maintained 
typically as shown in-dotted lines. While contact is 
maintained the centre of the pin, C will move on a small 
circle uhcse diameter is equal to the amount of clearance 
that exists. be et-the point of contact 
between the pin 
and the bush/at A 'as shown. The contact force acts along 
the direction of the*line OA. When the link 2 is moved 
to a second position,. such that the contact point is at 
Aý, the contact force will be along the direction of the 
139 
y 
cl 
Iii 
Fig (6.1.1 ) Clearance in a bearing 
wring bush 
Bearing pin 
line 0A"'. The, angular change of the contact force will be 
A 
equal to AOA'. If. the time taken to move link 2 to the 
rad 
second position is Tm, then the ratio ATA ( ---) is 
m 
formed giving the rate of change at the direction of the 
contact force. 
It has been stated (ref. 9) that the angular position 
of the clearance link before contact is lost, is the same" 
as, the direction of the contact force calculated from a 
zero-clearance, analysis. A clearance analysis approach 
also showed that contact lost was likely to occur when 
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the rate of change of force direction Was, large and the 
bearing reaction force was small. The above ideas led 
to the formation of (Y/R) ratio to predict the 
occurence of contact loss by using a zero-clearance 
dynamic analysis approach., Y' is the angular change 
of the direction of the bearing force in time interval 
Tm (shown as't" on the polar force graphs). Tm is cal- 
culated from the excitation frequency as follows; 
Tm =1/ Input f requency xn 
where n is the number of equal time intervals, usually 
chosen to enable efficient computation process to be 
carried out.,, R. is the minimum bearing force in Newtons. 
The value of R is calculated for every consecutive in- 
tegration step as follows: if R1 is the bearing force at 
time t1 (fig. 6.1.2) and R2 at time t2, (T1-+ Tm), can 
then be, cal'culated from triangle T1 0 T2 
since 
Cos(_Y ýa - a2 + R12 + R22 
2 R1 R2 
and 
R12 = R22 + a2 - 2, a R2 Cos ; (ß ) 
hence 
_ Cos-1 a2 + 
R22 - R12 (2a 
R2 
therefore 0 
R= R2 Sin (ß) 
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R 
X 
Bearin 
force Ic 
Fig (6.1.2) Determination of minimum' bearing force 
Contact loss at a clearance. bearing was predicted if the 
ratio (i/R /rad sl /N 
>)1. The ratio is not dimensionless 
but will be referred to as a number, it being understood 
that the numerical values of the variables must always 
/rods be in the given dimensions, (ie. 
Y(RN)). 
It 
Will be written as (t /R ) in future for simplicity. 
Figs. (6.1.3 and 6.1.4) give the polar force loci of 
test bearing 1 and 2 for one particular case. T1 and T2 
are the integration steps Which. correspond to the maxi- 
mum value of the number R ). Angular positions 
of the bearing forces are plotted for a complete cycle 
in fig. (6.1.5 and 6.1.6) for test bearing 1 and 2 
respectively. The corresponding points T1 and. T2 are 
shown on the graphs. It is evident that contact loss at 
each bearing is expected to take place when the change 
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Rotary input 4/bar linkage mechanism 
motor speed =300rev/min 
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Variation of bearing force direction at t. b. 1 
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Variation of bearing force direction at t, b. 2 
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in the bearing force direction is greatest during one 
cyclic motion. 
6.2. The changes in the value of (Y /R) number for 
rotational input. 
There are two aspects to be considered relating to 
the 'changes of (i/R ) number. Firstly, the changes over 
a complete cycle for a given motor speed, secondly, the 
changes of the peak value of (Y/R) as the motor speed 
varied within the range 170 - 370 rev/min. The graph 
in fig. (6.2.1) shows that the (Y/R) value for test 
bearing 2, starts increasing at zero reference angular 
position (01) of the rotary disc (the horizontal OX 
axis is taken as the reference line, see fig. 6.2.2). 
For a motor speed of 170 rev/min there is an angular 
band of 01 for which (Y / R) becomes greater than 1 
(Naperien logarithm of (Y/R) plotted), then increases 
to a peak value, in this case of 500 and then decreases 
until it is less than 1. It is therefore this angular 
band within which contact loss and consequently' impact 
loading is expected to take place. The position (ý11) 
of the rotary. disc when impact takes place experimentally 
(chapter 7), will always be compared with angular band 
of (Y/R) for values greater than 1. A second example 
is also given in fig. (6.2.1) at 230 rev/min. The 
angular band for test bearing 2 is - 100 to 700, WR ) 
number reaches a peak at 01 a 340" It would therefore 
appear as if the maximum values of (Y /R) occur at a 
k 
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decreasing angle ($1) as. the motor speed is increased. 
The angular band of (01) described above is observed to 
move clockwise for both test bearings (fig. 6.2.2 and 
6.2.3). 
The changes in the peak values of (Y/R ) called 
(Y/R ) 
ma x are . plotted 
in fig. (6.2.4) for test bearing 
I (t. b. 1) and test bearing 2 (t. b. 2). (Y/R ) for max. 
t. b. 1 gradually decreases as the motor speed is increased. 
(Y/ R) for t. b. 2, however, has a peak value at 220, max* 
rev/min. The graph therefore indicates that impacts at-the- 
test bearings are expected and that the level of impact 
at test bearing 2 would be greater than at test bearing 1. 
Y /rad s 6.3 The effect of spring loading on (R rNj number 
The aim of constraining the system by using tension 
springs was--to shift the (VR)max curves given in fig. 
(6.2.4) in such a way that the impact conditions stated in 
section (3.7) could be. satisfied. There were two possible 
ways to achieve this', (a) by using one tension spring of 
known stiffness and then varying the initial tension and 
springextensiont. (b) by keeping the initial tension and 
extension constant but varying the spring stiffness (ie. _ 
using different tension springs). 
11 
Initial tension and extension of a given spring (stiff- 
ness= 
_1167 
N/m), condition (a), was varied by attaching the 
spring end to the L-shaped unit at different positions thus 
changing. the height'(LS) given in section 3.7.2. The graphs 
given in figs. (6.3.1 and 6.3.2) show how the (Y/R )max is 
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Angular band of the rotary disc for impact 
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affected by using (LS) values'of 133mm, 145.4. mm, 158.4mm, 
171.2 mm referred to as the 2nd, 3rd, 4th and 5th positions 
respectively of the spring attachment. It can be seen 
from the graphs that as LS is increased, the (Y/R )max 
curves shift to the left. By this means the impact loading 
at t. b. 1 (fig. 6.3.1) can be made to start at a motor speed 
of 243 rev/min instead of 259 rev/min, and the impact 
loading at test bearing 2 at 320 revlmin instead-of 340 
rev/min. Thus this shift in (Y/ R )max curve would amount 
to a change in the motor speed of 20 rev/min. If a greater 
shift of the (Y/R )max curve was required, it would be' 
necessary to use springs with different stiffnesses, cond- 
ition (b), and keep LS constant. 
Two springs with stiffnesses of 671 N/m and 1167 N/m 
named 'middle spring' and'stiff spring' respectively, were 
found to be suitable for this work. The spring effect on 
the (Y/ R )max number is illustrated by the graphs given 
in figs. (6.3.3 and 6.3.4) for test bearing 1 and test 
bearing 2 respectively. Fig. (6.3.3) shows that using the 
middle spring (Y/R )max for test bearing 1, has a value 
of 1 at 192 rev/min, reaches a peak value at 208 rev/min 
and then decreases sharply to around 2 at 240 rev/min. - 
There is additional shift of '45 rev/min when the stiff 
spring is used, Where the peak value of (Y/ R)max occurs 
at 252 rev/min. Impact loading in this case is expected 
to occur When the motor speed reaches 230 rev/min. 
The bracket attachment to link 3 is not considered for this analysis, see plate 6. 
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Theý(Y/ R)max changes for test bearing 2 (fig. 6.3.4) 
follow a similar pattern. The peak value shifts from 
220 for no spring case, to 310 rev/min for middle spring 
case. The peak value for the stiff spring case does not 
occur within the motor speed range considered. Impact 
loading at test bearing 2 is expected therefore to occur 
at all speeds without the addition of the springs, above 
252 for the middle spring case and above 310 rev/min for 
the stiff spring. 
Figs. (6.3.5 and 6.3.6) give the positions of the 
rotary disc at impact when the linkage mechanism is spring 
loaded for several input motor speed conditions. It can 
be seen that the impact takes place when the angle (01) 
is between 90 ° and 270° (ie. second and third quadrant). 
Whereas the angular band was previously confined between 
0o and 900 (see figs. 6.2.2 and 6.2.3) when there was no 
spring added to the system. Thus the addition of the 
springs causes impact loading to take place at different 
kinematic positions of the mechanism. 
ýod 4 The chap es in the value of 
"Y/ 
for 6.9 CR 
N 
oscillatory input. 
, The procedure described in the previous section to 
of , determine the behaviourj(Y/ R) number for the rotary 
input 4/bar linkage mechanism is now considered for the 
oscillatory, input; 
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Angular band of the rotary disc for impact 
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Having determined the'frequency and-ampli-tude range 
of oscillatory input, a series of computer programmes was 
run to determine (Y/ R )Max changes at both test bearings. 
A parameter $ is used to describe the impact regions 
1 during one complete cycle. The hyd- where (Y/ R )max/ 
raulic actuator input displacement vector was written in 
chapter 3 as 
R22 = (EXC) Sin(w 22 t) j 
Where EXC is the amplitude of oscillation, W 22 is the 
2Tt x frequency of oscillation.. and t is. time variable. 
The parameter $ is defined as 
W 22 t 3600 
8 degrees 
zn 
in order to express a particular position during one cycle. 
Two impacts are theoretically predicted to occur at 
t. b. 1 (fig. 6.4.1) during one input*. cycle for frequencies 
of 16 Hz and above for both oscillation amplitudes (ie. 
2.6 mm and 1.8 mm . 
). (Y/R )max values for;. both impacts 
are found to be the same. Impact regions are given in 
fig. (6.4.2) in relation to parameter 9 for frequencies of 
14,18 and 22 Hz and amplitude of 2.6 mm-- At the input- 
frequency of 18 Hz for instance, the first impact at t. b. 1*' 
is expected to occur when 155, < 8 262° and the second 
impact is: expected when 2? 9 9<2? 0 . 
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Two impacts are also predicted to occur at t. b. 2. 
(+ /R )max values are found to be the same for each impact 
(fig. 6.4.1). The level of impact at t. b. 2 is expected to 
be higher than the level at t. b. 1 since (Y/ R)max values 
are higher for t. b. 2. Impact regions in relation to 
parameter 9 are given in fig. (6.4.2) for input frequencies 
of 14,18,22 Hz and amplitude of 2.6 mm. 
The method for calculating parameter 9 from the 
experimental data will be given in section(7.2.1). 
6.5 The'changes in the value of (Y/ R) for rotary 
and oscillatory input 
The bearing force loci obtained for rotary and oscill- 
story input 5/bar linkage mechanism have some similarity in 
a general pattern to those obtained for rotary input only. 
The calculated (Y/R )max values Were however affected 
considerably. The effect is shown in an-example as follows. 
Fig. (6.5.1) gives the bearing force loci of t. b. 1 and t. b. 2 
for rotational input motor speed of 240 rev/min'. (Y/(R max 
values were calculated to be 2 and 965 for t. b. 1 and t. b, 2 
respectively. Fig. (6.5.2) gives the bearing force loci 
When an oscillatory input of frequency 16 Hz is included. 
The graphs show considerable changes in the low -values of 
bearing force especially at t. b. 2. (Y/ R)max values for 
this case are 1.7 and 56 for t. b. 1 and t. b. 2 respectively. 
It could-therefore be said that the occurence of impact 
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and level of impact could be changed considerably by the 
addition of an oscillatory input. 
The procedure to'compare the (i/R )max number with 
the experimental impact results for this particular section, 
was first to carry, out the experimental results, then' run 
the computer programme to predict the occurence of impact. 
This was necessary due, to out of phase motions of--the, - 
rotary disc and the oscillatory disc. The relative angular 
positions of the rotary disc and the oscillatory disc can 
be calculated, from-theU. V* recording as shown in fig. (6.5.3). 
These values provide the initial conditions for computing 
(T/ R )max numbers. The-angular position of the rotary 
disc (ß1) relative to the, zero angular position of the 
exciter disc uas;, calculated to be 1440 in the example 
given-in fig. (6.5.3). . 
Pulse, corresponding to . 
the reference 
point on rotary disc Motor speed 300 rev/min 
one revolution of rotary disc 
Zero angular 
position of the Oscillatory input 
exciter, disc frequency-10 
U. V. p aper speed=600 m m/s 
Fig (6.5.3) 
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i 6.6 The behaviour of (R 
the effect of gravity. 
/rods- 
/N) number without 
Grant (ref. 16) found that the peak values of (Y/ R)max 
dissappear when the gravitational effect is neglected in 
dynamic analysis of a rotary input 4/bar linkage mechanism. 
The graphs of (Y/ R )maxfor both test bearings given in 
fig. (6.6.1) agree with his results for an input motor 
speed range of 0-370 rev/min. 
Figs. (6.6.2 and 6.6.3) show the effect of applying a 
spring load without gravitational effects. It is observed* 
that the peak values of (Y /R ) are moved to higher motor 
speeds compared with fig. (6.6.1). Including gravitational 
effects shifts the peaks to still high motor speeds as 
shown by comparison with figs. (6.3.3 and 6.3.4). Test 
bearing 1 has a peak value of (Y /R )max at 170 when the 
mechanism is loaded with the middle spring compared with 
208 rev/min with the gravity effect included. Similarly 
the peak value of (Y / R)max for the stiff spring loading, 
is at 216 instead of-252 rev/min previously. Similar 
results are obtained for test bearing 2. The results 
follow a general pattern in such a way that any loading 
of the system shifts the (Y / R)max curves towards a higher 
motor speed, although it is not as effective with grav- 
itational force as is the case with the, spring loading. 
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The effect of gravity on bearing force loci of test 
bearings 1 and 2 can be seen by comparing figs(6., 6.4 to 
6.6.6) with the graphs. given in sections (3.6) and (3.7).. 
For instance at 210 rev/min, force loci of t. b. 2 (fig6.6.4) 
is shifted considerably to the left away from the origin 
when compared with the corresponding graph in fig(3.6.1.10). 
In the case of the rotary input 4/bar linkage mechanism 
loaded with middle spring, the bearing force loci of t. b. 1 
at 170 rev/min shows a different pattern when compared 
with the corresponding graph in fig. (3.?. 2.3). The bearing 
force loci of t. b. 2 for the same linkage mechanism, passes 
through the-origin at 250 rev/min (fig. 6.6.5) which was 
not the case with gravity effect included (fig. 3.7.2.4). 
There is also considerable change in't. b. 1 and t. b. 2 force 
loci as a result of not including the gravity (figs. 6.6.6 
and 3.7.2.5,3.7.2.6). 
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CHAPTER SEVEN 
EXPERIMENTAL RESULTS 
ý, 
176 
7.1 Introduction . 
Having completed the preliminary test as given in 
chapter 5, 'the next'stage is to carry out a test programme 
and to present the results in a manner suitable for 
correlation with the theoretical results. 
The aims'of the investigation are to determine 
(1) The impact regions at both test bearings, 
(2) The level of impact, 
(3) The angular configuration of the linkage mechanism 
when impact occurs. 
7.2 ' Definitions 
It is necessary to define some of the parameters/terms 
used in the present chapter, they could be classified as 
follows; 
(a), input parameters of the system, 
(b) terms relating to the transducer assembly;... "w 
(c) the - test. procedure. 
7.2.1 Input parameters. 
,, 
Average motor speed: A reference position of-the 
rotary disc Was recorded on the U. U. paper as explained 
in. section . 
(5.7). The average'. speed of the motor was 
calculated by, counting the number of pulses and noting. 
the U. U. paper release speed. 
177 
One complete revolution: The distance between the consec- 
utive pulses, is equivalentto one complete revolution 
of the rotary disc. 
Oscillation frequency and amplitude:. They were pre-set 
on the function generator control unit and the servo 
amplifier of the hydraulic unit. 
Clearance: The method of clearance measurement of the 
test bearings is given in section (4.4). The amount of 
clearance in each bearing was however determined by consid- 
ering the previous work carried out by Wu (ref. 9). It is 
known from this work that the clearance size is a contrib- 
utory factorýin determining the level of impact. It was 
therefore decided that the tests would be done for a 
clearance size range of 75-105 µ m. The minimum clearance 
necessary to enable the bearing to run without seizure 
was about 10 µm. A bearing with such a clearance was 
nevertheless considered to be a no-clearance bearing. 
Lubrication: It is known that lubrication helps to reduce 
the impact level, although measurable impact levels have 
been found irrespective of the type of lubrication used. 
Wu (ref. 9) gives a detailed account. of boundary. lubrication 
and film lubrication effects on the impact level. It was-' 
decided that tests would-be carried out without any addit- 
ional lubrication to the test bearings. It will be recalled 
that they consist of oil impregnated phosphorous bronze 
bushes with steel shafts. 
Angular position (01) of the rotary disc at impact: 
This is a term conveniently used to relate the experimental 
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impact position to'the predicted angular band within which 
impact is expected. The angular position of the. rotary 
disc is recorded on the U. V. paper as the-central axis Of, 
test bearing 1cuts through the horizontal axis OX at A. 
Thepointa'A then becomes"a reference point, `fig. (7.2.1.1). 
1 
Rotary disc 
a, 
c -". 
ö9- 
Fig (7.2.1.1) 
time -º 
a 
Ion 
bI 
B -. Impact sign l 
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Let it be assumed that an impact is recorded by the accel- 
erometers when the test bearing 1 is at B. This, position 
is also recorded on the U. U. paper. The angle 01 can then 
be calculated by considering the distance 'a for a complete 
revolution of the discýand the distance 'b from the disc 
at point A and impact pulse at point B. Hence the angle 
01 is determined from 
b 3600 
a- 
ý. _. ý _. 
The angular impact band of the rotary disc is computed 
when i/R )1 for a set of given input conditions as explained 
in section -(6.2). - .' 
Parameter 8-for the oscillatory input: When the test rig 
is set-up as an oscillatory input 4/bar linkage mechanism, 
it is necessary to locate the impact positions during one 
complete cycle of the input. The simple harmonic motion 
of the hydraulic exciter is normally monitored on the U. V. 
paper as well as the accelerometer öutpu. t signals. The 
U. V. trace of the exciter displacement is used to locate 
a position say D, within a cycle in terms of distances 
c and d as shown in fig. (7.2.1.2). 6 is then defined 
as the angle 
d 350° 
. 8= 
c 
The phase angle: This term is used when the rotary and 
oscillatory inputs are employed at the same time. The 
angular position of the exciter disc is recorded on the 
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0 
U. V. paper as well as the pulses indicating the angular 
position of the rotary disc. The phase angle is , 
then 
defined as the angular position W of the rotary disc 
when the hydraulic actuator is passing 'through its zero 
reference position, 0 on fig. (7.2.1.3). 
If a is the distance between successive pulses on the 
U. V. paper and b the distance between the first pulse 
and the. first zero angular position of the. exciter disc 
then the phase, -'angle W is then given by 
b 3600 
a 
The U. V. paper speed: The pre-set value will normally 
be given on the traces presented, but in its absence the 
input motor speed or the input oscillation frequency will 
be mentioned. 
7.2.2 Terms relating to the transducer assembly 
The accelerometers: Two accelerometers are mounted on 
the split clamp to measure acceleration outputs at test 
bearing 19They are marked as AR21 and AT21, where AR21 
defines-the accelerometer, attached to link 2 which is 
connected to link 1, mounted in'a longitudinal direction 
on link 2, and AT21 defines the accelerometer attached to 
link 2 Which-is connected to link 1, mounted on link 2 
ma ' perpendicular direction to the longitudinal axis 
of link 2. (see section 5.3). AR32 and AT32 similarly 
refer to the transducers used to measure accelerations at 
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test bearing 2 (see fig. 5.3.4). 
Impact magnitude: The impact accelerations are taken as 
the resultants of, 'the two accelerometer readings for each' 
of the two test bearings. 
R a12 + a22 
ie. 
impact magnitude att. b. 1 
J(AT21)2 
+ (AR21)2 
impact magnitude at t. b. 2 (AT32)2 + (AR32)2 
7.2. -3. - The-test procedure 
The-planned-tests will be carried out under 4 major 
headings depending on the clearance used in the test 
bearings, being a clearance and a no-clearance bearing as 
given in section 7.2.1. 
Tests 
Clearance? 
t. b. 1 t. b. 2 
"` Group 1 No No 
Group 2 Yes No 
Group 3 No Yes 
Group 4, Yes Yes 
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The experimental work for each one of the 4 groups given. 
on the previous page will also be divided into three 
sections depending on the geometric configuration of the 
linkage mechanism; " 
(1) The test'rig set-up as a rotary input 4/bar linkage 
mechanism. The exciter disc maintained at its zero angular 
position by'means'of'the hydraulic power unit. An input 
motor speed range Of 170 - 370 rev/min was employed. 
(2) The test rig-set-up as an oscillatory input 4/bar 
linkage mechanism. This was achieved by locking the rotary 
disc'at its zero angular position (ie test bearing 1 
. 
is 
kept''on the'horizontal OX axis, fig. 7.2.1.1). An oscillation 
frequency range of 0- 22 Hz and amplitudesof 2.6 mm 
and 1.8 mm Were considered. 
(3) The test'rig used as two independent inputs (rotary 
and oscillatory) 5/bar linkage mechanism. 
The procedure for carrying out the experimental tests 
for each section listed'above is given in*the order nec- 
essarg for correct operation of the equipments used. The 
same tests are repeated with a spring'(middle spring or 
stiff spring) -'attached to the test mechanism. " 
TESTI : Rotary input 4/bar linkage mechanism 
(1) Switch on all equipment 
(2) Start hydraulic' power unit and set-exciter disc to its 
zero angular position 
(3) Start motor 
(4) Set motor speed as. required for running-in 
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(5) Complete running-in process 
(6) Increase motor speed step by step and observe and 
record the occure. nce of impact-and the level of impact 
(7) Record the angular. position of the rotary disc with 
respect. to any impact signal recorded. 
TEST 2: Oscillatory input-4/bar linkage mechanism 
(1) Do I-5 of, TEST 1 if, running-in. process is required 
(2) Lock the rotary disc 
(3) Set oscillation amplitude 
(4) Set oscillation frequency 
(5) Record accelerometer outputs 
(6) Vary oscillation frequency as required 
(7) Vary oscillation amplitude as required 
(8) Repeat (5) until the full range is covered. 
TEST 3: Rotary and oscillatory inputs 5/bar. linkage mechanism 
(1) Repeat 1-5. of TEST 1 if running-in process is required 
(2) Set required motor speed 
(3) Set required oscillatory frequency and amplitude 
(4) Record accelerometer outputs and impact levels 
(5) Vary 2 and 3 as required until the full range is 
covered. 
TEST 4: Attach the middle spring to the test rig 
(a) Do TEST 1 
(b) Do TEST 2 
(c) Do TEST 3. 
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Begin 
Select 
clearance sizes for 
both bearings 
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Fig (7.2.1.4ý DO TEST 5 
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TEST 5: Attach the stiff spring to the test rig 
(a) Do TEST 1 
(b) Do TEST 2 
(c) Do TEST 3 
A flow chart for executing the above tests is given in 
fig. (7.2.1.. 4). 
7.3 GROUP I tests 
The test rig was set up with minimum running clearance 
in both test bearings. The clearance measurements at test 
bearings 1 and 2 were 15 µm and 13µ m respectively. 
TEST 1 results showed that there Wei. no impacts at 
t. b. 1 within the test speed range, but impacts were rec- 
orded at t. b. 2 for input motor speeds above 240 rev/min 
(fig. 7.3.1). The angular positions (01) of the rotary 
disc were calculated from the time scale on the U. V. paper 
for impact occurrence The angular band of the rotary disc 
Within Which impact is theoretically predicted,.. (Y/R ))1, 
has previously been calculated for several motor-speeds. 
The experimental values and the theoretical'angular band 
results are shown in fig. (7.3.2) for motor speeds of260, 
290,330,370 rev/min. 
TEST 2, TEST 3, TEST 4, TEST 5 did not give impacts 
Within the input motor speed range of 170". - 370 rev/min 
or the oscillation frequency range of 0- 22 Hz. 
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Experimental impact results at t. b. 2 
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7.4 GROUP 2 tests 
. The test rig was set up with 93 µm clearance 
in test 
bearing 1 and 29 µm clearance in test bearing 2. 
TEST 1 did not record impacts at t. b. 1, however 
impacts were recorded at t. b. 2. The graph of impact 
acceleration level against the input motor speed for t. b. 2 
is given in fig. (7.4.1). 
E°xperimental impact results at t. b. 2 
X12 
C 
O 
O8 
C) 
41 
u u v 
04 
0. 
E 
Test bearing 2, clearance =29µm 
0 
170 230 
Fig (7.4.1) 
290 350 
Motor speed /(rev/min) 
In the case of the oscillatory input 4/bar linkage 
mechanism configuration (TEST 2) impacts were recorded 
at t. b. 1 for frequencies above 16 Hz for an amplitude of 
1.8 mm and above 14 Hz for an. amplitude of 2.6 mm. The 
graphs given in fig. (7.4.2) show that the resultant impact 
magnitude increases with increasing input oscillation 
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frequency. An, example of the experimental impact recording 
at t. b. 1 is given in fig. (7.4.3), for a frequency of 22 Hz 
and an amplitude of 2.6 mm. , 
The uppers curve is. the input 
signal from the hydraulic exciter. -The accelerometer 
signals shoo. that the impacts. occurred in the direction 
of AR21. The value. of 9 for, the example given in. fig(7.4.4) 
is found to be 93°for_the first impact and 205° for the 
second impact. The,, diagram in fig. (7.4.4) shows that the 
first impact 
, occurs outside-of 
the angular band of. '9. This 
delay could be due, to; 
(a) the time, taken for, the pin to travel across the clearance 
space, (b) frictional and viscous forces at the bearing 
delaying the occurence of contact loss.. This is further 
discussed in section (9.2). The second impact does take 
place within the impact region predicted. 
141* 
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. 
TEST 4a(rotary input 4/bar linkage mechanism loaded 
with middle spring) gave impact recordings (fig.?. 4'. 5) 
up to 33g. Impacts were recorded at t. b. 1 for a motor speed 
range of 190 - 230 rev/min, the maximum value being 33g 
at 208 rev/min, and at t. b. 2 for a motor speed range of 
290 - 370 rev/min, the maximum level being about 4g. An 
example of the impact acceleration at t. b. 1 is given in fig. 
(7.4.6). The pulses at the top of the trace correspond 
to the reference position of the rotary disc. The magnitude 
of the impacts recorded at AT21 being greater than at AR21 
indicate that the direction of the contact force between 
the bearing bush and the pin has asmaller" resolved mag- 
nitude component in the longitudinal direction of link 2 
than normal to the link 2. 
ds 
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.: ý 
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Angular band of the rotary disc for impact 
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Fig(7.4.7) 
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The angular position 01 of the rotary disc when impact 
takes place has been calculated from the U. U. trace. 
Three examples given in fig. (7.4.7) for motor speeds of 
201,213 and 221 rev/min show the 01 values of 152°, 138° 
and 122° to be within the predicted angular band of the 
rotary disc for (Y/R )max: 1. It. is noted that the 
angular position 01 of the rotary disc at impact moves 
clock-Wise as the motor speed is increased. 
TEST 5a(rotary input 4/bar linkage'mechanism loaded 
with a stiff spring). impacts for this case were recorded 
at t. b. 1 (fig. 7.4.8) for a motor speed range of 240 - 278 
rev/min, the maximum impact level being 30g at 262 rev/min. 
A comparison of this graph with the graph-given for the 
middle spring case (fig. 7.4.5) shows that the increase of 
spring stiffness (671 N/m to 1167 N/m) shifts the peak 
impact region from 208 rev/min to 262 rev/min. The impacts 
recorded at t. b. 2 were less than 3g over the speed test 
range. This was expected as the amount of clearance in 
t. b. 2 was small. The shift of the impact region at t. b. 2 
from a motor speed range. of 290 - 370 rev/min for the 
middle spring case to a region above 340 rev/min for the 
stiff spring is similar to that for t. b. 1. An example of 
the impact recordings at t. b. 1 is given'in fig. (7.4.9) for 
a, motor speed of 254 rev/min. The trace shows that the 
contact force has a greater resolved component in the 
AT21 direction than in the AR21 direction. The angular 
position of the rotary disc at impact and the angular 
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band where the impacts are predicted are given in fig. 
(7.4.10) for 5 input speeds. They shoal that the 01 value 
at impact moves clockwise as the motor speed is increased; 
as was the case for the middle spring attached 4/bar 
linkage mechanism. 
Y 
i 
AT21 
G, 
P 
S 
11 
I- A-1 
\, 
One 
revolution 
An example of TEST 5c (rotary and oscillatory input 
5/bar linkage mechanism loaded with stiff spring) is given 
for t. b. 1 in fig. (7.4.11) for a motor speed of 290 rev/min, 
oscillation frequency. of 19 Hz and oscillation amplitude 
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of'2.6. mm. The theoretical study for this group of tests 
Was carried out after the completion of the experimental 
work. This was necessary in order that the initial angular 
conditions for the computer study could be determined from 
the experimental results. In the example given, the phase 
angle which is the angular position of the rotary. disc when 
the hydraulic actuator is at its zero reference position 
(point A on the trace)-is calculated to be 52°. A result- 
ant impact level of 3g was recorded at t. b. 1. 
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7.5 GROUP 3 tests 
The test rig was set up with a clearance of 15µm 
at test bearing 1 and a clearance of 90 µm at test bearing 2. 
U. U. recordings of the signals from accelerometers 
AT21 and AR21 (ie. t. b. 1) for TEST 1 did not show any 
impacts taking place within the input motor speed range 
170 - 370 rev/min. 
Impact acceleration level recorded at t. b. 2 for the 
rotary input 4/bar linkage mechanism (TEST 1) showed an 
increasing trend as the motor speed increased (fig. 7.5.1). 
An-impact level of 70g was recorded at 370 rev/min. 
Whereas experimentally the impact is steadily-increasing 
the (T/ R )max values calculated for this particular. case 
predict a peak value at 230 rev/min (see fig. 6.2.4) An- 
empirical relationship will be developed in chapter 8 for 
predicting the impact level and also a discussion covering 
the experimental results will be presented in chapter 9. 
It should however be mentioned that impacts were predicted 
to take place at t. b. 2 for all speeds, which was confirmed 
by the experimental results given in fig. (7.5.1). 
An example of U. U. recordings from accelerometers 
AT32 and AR32 is given in fig. (7.5.2) for a motor speed 
of 290 rev/min. The impact signal superimposed on the 
motion of the mechanism is clearly observed. The ratio 
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of impact, levels measured at AT32'and AR32 suggests that 
the direction of the contact force when impact occurred. 
Was at an angle of approximately 550 to the direction of 
accelerometer AR32. However it was found to be easier 
to physically interpret the occurrnce of impacts relative 
to the position of the rotary disc. Also it was easier to 
monitor the angular displacement of the rotary disc than 
the contact position around the bush When impacts took 
place. The angular position of the rotary disc at impact-' 
for various motor speeds is given in fig. (7.5.3). They' 
Were found to be all Within the predicted angular impact 
bands. It is to be noted that there is only one impact 
occurring for each revolution of the rotary disc. 
Fig ( 7.5.2 ) 
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TEST 2 was carried out to determine the impact regions 
resulting from an oscillatory input. The input frequency 
range was 10 - 22 Hz with amplitudes of 2.6 mm and 1.8 mm. 
It was found that there were two impacts occurring during 
each cycle of the input motion for frequencies of 15 *Hz 
and above. The level of impact increases with increasing 
frequency as plotted in fig. (7.5.4). An example of the 
U. V. recording of impact signals at t. b. 2 for an input 
frequency of 18 Hz is given in fig. (7.5.5). The shape of 
the impact signal is seen to be different from that given 
in fig. (7.5.2). It""is to be noted that the paperspeed 
is not the same for the tuo'figures (7.5.5) and (7.5.2). - 
The direction of the contact force for the first 
impact is approximately in the direction of the accelero- 
meter AT32 whereas the second impact gives equal levels 
of impact for the two accelerometers implying that the 
resultant direction is at an angle of 45a to the long- 
itudinal axis of link 2. 
The'angle 13 for the first and second impacts is calcul- 
ated from the experimental trace and drawn on fig. (7.5.6) 
together with the predicted band of 8 where impacts are 
expected. The general trend is that the first impact 
occurs outside the predicted region of angle-13; the reasons 
for this are discussed in section (7.4). The second impact 
takes place within the predicted band. It is also noted 
that the value. of 9 at impact increases as the input 
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frequency is increased. 
Two examples will be given from the TEST 3 group. 
Fig. (7.5.7) gives the impact recordings at t. b. 2 for an 
input motor speed'of 155 rev/min and oscillatory input 
frequency of 22 Hz at an amplitude of 2.6 mm. It is 
observed that there are a number of impacts of varying, 
intensity taking place during one complete revolution of 
the rotary disc. A theoretical zero-clearance analysis. 
Was carried out for the given input conditions and a 
phase angle of 3.50 found from the experimental trace. 
The results are presented in a diagram fig. (7.5.8), the 
numbers corresponding to those on fig. (7.5.7). Their 
positions are shown in relation to the angular position 
of the rotary disc as well as the predicted angular band 
where the impacts are expected to occur. It is clear 
that all nine impacts occur within the second half of 
the predicted angular bands. Calculated (Y/R )max 
values 
for the corresponding impacts are also given. The var- 
iation in +/R )* for all impacts max gives a good indication 
of the intensity of impacts on the U. V. trace. It is also 
observed that the ratio of the impact acceleration levels 
recorded by the accelerometers AT32 and AR32 for each 
impact has a different value. This indicates that the 
contact line between the bearing bush and the pin when 
impacts take place, moves around the bush. This. is clearly 
demonstrated by the diagram in fig. (7.5.8) in. Which the 
impact position is referred to the position of the rotary 
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disc. ' All the impacts occur in the range 0< 01 2300. 
The motor speed is increased to 214 rev/min in the 
second example. The phase angle in this case was 70, and 
the number of impacts reduced to 4 (fig. 7.5.9). A similar 
diagram relating impact positions and (Y/R )max values 
is given in fig. (?. 5.10). It is observed that the increase 
in motor speed eliminated the impacts in the second quad- 
rant of the angle 01(90° - 180°). The scale of the accel- 
erometer output signals in fig. (7.5.9) is three times higher 
than those in fig. (7.5.7) and the (Y/ R)max value of 228 
for the second impact in the latter case is a reasonable 
indication of the intensity of impact - recorded. 
When the test rig was set up as a rotary input 4/bar 
linkage mechanism with the middle spring (stiffness = 671 N/m) 
attached (TEST 4a), the impact acceleration level at t. b. 2 
measured to 55g at a. motor speed of 310 rev/min, fell 
slightly before measuring further (fig. 7.. 5.11). There was 
no impact recorded-at t. b. 2 below 250 rev/min and there 
was no impact-recorded at t. b. 1 within the speed range of 
170 - 370 rev/min. An example of the accelerometer AT32 
and AR32 outputs, is given in fig. (7.5.12) for a motor 
speed of 320 rev/min. The impact levels given are the 
average from the U. U. traces for more than ten consecutive 
cycles at a given motor speed. The consistency of,. the 
measurements indicated that the estimated 'running-in! 
time for the test bearings. Was adequate. Fig. (7.5.13) 
210 
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gives the angular position of the rotary disc at'impact 
and the predicted angular band for several cases-calculated 
when (Y/ R )maxi 1" For all the speeds considered, the 
impact position is found to lie within the predicted 
angular band; the values however change for different 
motor speeds. 
AT32 
; 
ýa 
AR32 - 
Fig ( 7.5.12). 
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Constraining the system by the use of stiff spring 
(stiffness 1167 N/m. ) gives an impact region at t. b. 2 
(TEST 5a) for motor speed range of 310 - 370 rev/min 
(fig. 7.5.14). The graph shows a sharply increasing trend, 
reaching a. level of 70g at 370 rev/min. When the impact 
region for. the stiff spring case is compared with the 
graph for the middle spring case (fig. 7.5.11), it can be 
seen that the impact region is shifted to a higher motor 
speed range. A similar trond was observed for impact 
regions at t. b. 1 as explained in section (7.4). There 
Was no impact recorded at t. b. 1'for this experiment 
(TEST 5a). The. angular position of the rotary disc at 
impact was recorded to be 8° outside the predicted angular 
band"(fig. 7.5.15). 
Angular band of the*rotary disc for impact 
155 153 
1ý 
197 
194 20 
Motor speed 335 rev/min Motor speed 354 rev/min 
Fig (7.5.15) 
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TEST 5c results for motor speeds of 150,210,300 
rev/min and-an oscillation frequency of 22 Hz and an 
amplitude of 2.6 mm were similar to the TEST 5a results. - 
Thus concluding that there were no new impact regions 
created by having oscillatory input for this particular 
case. 
7.6 GROUP 4 tests 
The tests in this section were carried out with 
clearances of 104 µm at t. b. 1 and 90 µm at t. b. 2. The 
results are presented in such a way that the impact accel- 
eration level occurring at test bearing 1 or attest 
bearing 2 could be compared with the impact levels found 
for the single clearance bearing linkage system introduced 
in sections (7.4) and (7.5). The aim was to examine 
possible interactive effects of impacts on the impact 
acceleration level. 
When the test rig was set up as a rotary input 4/bar 
-linkage mechanism (TEST 1) with clearance in both test 
bearings, it was found that'impacts occurred at t. b. 2 for 
all. speeds. A graph is produced (fig.?. 6.1) to compare 
the impact acceleration levol at t. b. 2 resulting from this 
set of experiments with the impact level obtained from a 
similar set of experiments when there was a clearance of 
90 µm at t. b. 2 and a minimum clearance at t. b. 1 die. one- 
clearance bearing linkage system) as given in section (7.5). 
Considering the experimental data in relation to an error 
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band of 6% arising from the U. V. recorder and a, possible 
error of 2% in measuring the average motor speed, -it can 
be concluded that the impact level for both tests is 
effectively the same. This is interpreted as saying that 
not 
the impact level at t. b. 2 is/affected by having a clearance 
of 104 µm. at test bearing 1. Also as it is clear for this 
particular test that there is no change in the impact 
level, it is suggested that there are no interactive 
dynamic effects between the two bearing clearances. 
Angular positions of the rotary disc at impact for'several 
speeds in relation to the predicted angular band are given 
in fig. (7.6.2). -A comparison of these results with angular 
positions ($1) at impacts for a one-clearance bearing 
linkage system, fig. (7.5.3), show that impacts occur at 
about the same positions around the bearing bush'for both 
tests. An example of the impact recording at t. b. 2. for 
a motor speed'of 308 rev/min is given Sin fig. (7.6.3). 
The ratio o. f the impact acceleration level recorded by 
AT32 and AR32 shows also that the direction of the impact 
force is-the same as for the one-clearance bearing linkage 
system at the same input motor speed. 
TEST 2 was-carried out for an input oscillation 
frequency range of 10 - 22 Hz at an amplitude of 2.6 mm. 
" Experimental results of impact level at t. b. 1 are plotted 
in fig (7.6.4)_, together with the 'impact regions. already 
found for one-clearance bearing system (clearance in either 
t. b. 1'or t. b 2). It is observed that the impact level"is 
increased in the case of a two-clearance bearing systems. 
This is probably due to the increase in the amount of* 
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clearance in t. b. 1 since. an increase in clearance generally 
increases the impact level. It was 104 µm as against to 
93 µm in. the previous test. . Fig (7.6.5) compares the 
impact level at t. b. 2 for an oscillation amplitude of 
2.6 mm. The results show again that having a two= 
clearance bearing linkage system does not greatly affect 
the impact regions nor the impact level. 
The addition of the middle spring to the system 
in the case of a rotary input 4/bar linkage mechanism 
(TEST 4a) gives two impact regions. The first impact 
region takes place at t. b. 1 between 193-220 rev/min motor 
speed (fig 7.6.6). Again there is no increase in the 
impact level at t. b. 1 resulting from a clearance at t. b. 2. 
However impacts cease at a slightly lower speed in the 
latter case. Impact at t. b. 2 for one clearance and two- 
clearance bearing systems is given in fig (7.6.7). It is 
seen that impacts start at 250 rev/min in both cases. Both 
sets of test results follow a similar pattern. The dif- 
ferences are attributable to the experimental errors i. e. 
about 6% in the U. V. recordings and about 2% in measuring 
the average motor speed. The graph shows an increase of 
impact level until the motor speed reaches about 310 rev/min, 
then decreasing to about 40g at 340 rev/min and increasing 
again to a level of approximately 60g at 370'rev/min. 
Examples of the experimental impact positions in relation 
to the angular position of the rotary disc are produced in 
figs (7.6.8 and 7.6.9) for-the two test bearings. In com- 
parison with similar diagrams obtained. for single clearance 
bearing linkage systems given in sections (7.4) and (7.5) 
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Experimental impact recordings 
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'Fig ( 7.6.10 ) 
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it is seen that in the case of t. b. 1', there is a difference 
in angle (ui) of less than 60, and varying between 4o. and 
13° in the case of t. b. 2. Some of this difference is att- 
ributed to inaccuraces in the method'used for measuring 
angle 01. An example of the U. V. traces of the impact 
accelerationrecordings at t. b. 1 (AT21 and'AR21) and at 
t. b. 2 (AT32 and AR32) are given in fig (7.6.10) for 
speeds of 200 and 280 rev/min respectively. 
TEST Sa (rotary input 4/bar linkage mechanism loaded 
with a stiff spring, stiffness 1167 N/ ). results also 
show two impact regions. The impact region at t. b. 1 
(fig 7.6.11) has a peak value of 44g at 258 rev/min, the 
corresponding peak value obtained when there was only 
clearance in t. b. 1 is 30g at 262 rev/min. It was expected 
that the maximum level would be higher since the bearing 
clearance was 104 µm against 93 µm. The impact level 
generally increases with increasing clearance size. The 
effect of the clearance size and the impact level will be 
discussed in_ chapter B. The difference in the motor speed 
of 4 rev/min at the peak impact value amounts to less than 
2% error in the measurement of-average motor speed. The 
second impact region takes place at t. b. 2. The experimen- 
tal impact level is plotted together with the corresponding 
results obtained for a single clearance bearing system in 
fig (7.6.12). Impact starts at t. b. 2 for a motor speed 
of 325 rev/min and increases to 60g at 370 rev/min. For 
a single clearance bearing system the pattern is similar 
with impacts starting 13 rev/min'earlier. Again it is 
apparent that there is little change in the impact level 
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as a result of having two-clearance bearings in the 
linkage mechanism. The angular position of'the rotary 
disc at impact for various motor speeds is given -in fig 
(7.6.13) for both test bearings. The diagrams show that 
all impacts occur'within the predicted angular band 
obtained using the (Y/R) term. It is also noted that the 
impact position at t. b,. 1 moves clockwise as the motor speed 
is increased. Finally an example of the U. V. recording of 
the impact-signals at both bearings is shoun'in (fig ?. 6.14) 
in which the severity of the impacts compared with the 
normal kinematic output from the accelerometers-is observed. 
7.7 Summary 
Impacts generally occurred for the rotational and/or 
oscillatory inputs. The level of the impact recorded 
Was less than 5g at a bearing at which a minimum bearing 
clearance Was employed. Impact acceleration levels of up 
to 40g at t. b. 1 and 70g at t. b. 2 were recorded for a 
clearance size of about 100 µm. The use of a tension 
spring in the mechanism-caused the impact regions to 
occur at a higher motor speed with increasing spring stiff- 
ness. The combination of oscillatory and rotary inputs 
produced multiple impacts within each cycle of motion of 
the mechanism. Having two-clearance bearings in the 
system did not generally change the 'impact regions from 
that obtained for each clearance bearing seperately, nor 
Was there a noticeable change in the impact level measured. 
The impact position, referred to the angular position of 
the rotary disc, *was generally found to be within the 
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angular band predicted by the theoretical analysis of 
the mechanism. It was also found that the impact position 
moved around the bush of a clearance bearing as the motor 
speed was changed. 
An attempt will be made in chapter 8 to predict 
theoretically the occurrence of impact and impact level 
for several input conditions by using a zero-clearance 
dynamic analysis. A discussion on the experimental study 
and the theoretical findings will be given in chapter 9. 
236 
CHAPTER EIGHT 
EMPIRICAL RELATIONSHIP 
%d 
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8.1 'Introduction 
4e 
In this chapter an attempt will be made'to develop 
an'empi. rical relationship` to express the trend ' of. impact" 
acceleration level. A correlation between the experimental 
results presented in chapter`7, -and an emprrical"function 
-Which includes bearing clearance effect, impact condition 
and relative" angular` acceleration of adjacent links, will 
be"made to-form' an empkrical relationship. 
8.2 Existing empirical relationship 
As discussed in`' chapters 6 and 7, the (Y/R )max >1 
number can be used to predict the occurence of contact 
loss at a '. clearance' bearing'. The angular positiön'of a 
link can also be predicted when contact loss and impact 
take place. The'empr,,, rical relationship which Was used 
by"Earles and Wu (ref 11) to express the impact. intensity 
is; 
kr/D rad s `I =K (j 1.28 -1) In max 8.2.1 R ý. N 
Where I is the measured impact intensity level, 
K 
'is-,, 
a constant determined from experimental data, 
r is the clearance size, 
k is 1000, 
D is the diameter of the bearing pin. 
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. 
The above equation was developed as a result of 
experimental tests carried out for two independently 
controlled oscillatory inputs 6/bar linkage mechanism. 
However when it was applied to some of the cases involving 
rotational input as discussed in chapter 7, it was found 
to be inadequate... For instance, experimental impact 
acceleration. results of t. b. 2 given in fig(7.5.1) for 
TEST 1, showed an increase for increasing motor speed 
whereas the. (Y / R)max. number (see fig 6.2.4) continuously 
decreases for motor speeds of 240 rev/min and above. If 
equation (8.2.1) is. applied. for. this-particular case, the 
impact intensity level, I will show a decreasing trend 
after 240 rev/min since K is taken to be. a constant and 
also the (1.28)kr/D _1), term does not change for a 
given clearance size. A similar behaviour , was-observed- 
for test results given in fig(?. 5.14). The impact accel- 
eration level sharply increased from 0 to about 60g as 
the motor speed is increased from 310 to 350 rev/min. 
The corresponding In (Y/ R)max value however increased 
from, O to, about 3.5. Since the clearance term and the 
constant K do not change for a particular test, it is 
clear that the experimental impact level increases at a 
faster rate than the predicted impact intensity level I, 
if, the equation 8.2.1 is used. 
N 
It*can be seen in Grant's (ref 16) work also that 
when the motor. speed was increased, the impact acceleration 
level was increasing faster than the ln(Y / R)max term 
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for a given clearance size. 
It is required therefore to determine whether the 
existing empirical equation applies to the test results 
Where there is oscillatory input only, and if this is'so 
to develop a new empirical equation which is valid for 
(a) rotary input 4/bar linkage mechanism, 
(b) oscillatory input 4/bar linkage mechanism, 
(c) rotary and oscillatory inputs 5/bar linkage mechanism. 
8.3 Discussion on the development of an empjrical 
relationship 
Previously it has been shown (ref 11) for a limited 
experimental investigation that impact acceleration level 
IAL is proportional to ln(Y /R)max and to (1.288 - 1) 
where s= 
1000 r and r is the measured clearance, D is the 
D 
bearing diameter 
IAA W [(1.28)s -1 ln(Y /R)max ".. 8.3.1.1 
Where Uis a constant of proportionality. 
Experimental impact results are plotted against 
(1.28)5 -1] in(t /R)max in fig 8.3.1 
The results-for an oscillatory input 4/bar linkage mechanism 
are shown as '0 ', and it is seen from the graph that U 
can be considered approximately a constant of proportion- 
ality for oscillatory input results. The mean value of W 
is calculated to be 1.8 for the input frequency range 
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of 10-22 Hi, data points shown in rectangle A on the graph, 
and to be 1.1 for the input frequency range of 10-18 Hz, 
data, points shown , in. rectangle B. It is clear 
that the 
mean value'of W is decreasing as the input frequency is 
reduced. Earles. and Wu (ref 11) found the corresponding 
value to be "61, (see section 1.4) for a frequency range 
of 4-7 Hz., It is therefore reasonable to-say W would be 
approximately the magnitude found previously had impacts 
been recorded in that frequency range. 
Although U in equation 8.3.1.1 can be considered 
as 
's 
constant . of ,r proportionality 
for oscillatory input 
4/bar linkage mechanism thus supporting the work done by 
Earles, and, Wu, it does. not have a constant value when all 
the 
. 
test, results (ie. rotary, oscillatory, rotary and 
oscillatory) ar. e considered as the points on the graph 
(fig 8.3.1) are scattered over a wide area. It was there- 
fore,, considered that W has a dependency on some further 
kinematic properties of the mechanism. 
It has been shown in some cases as mentioned in 
section 8.2 that the impact acceleration level increases 
with. increasing motor speed whereas the (Y/R max number 
decreases: The input motor speed could not however be 
used as a general kinematic parameter since it would not 
apply in the case of oscillatory' input. The maximum value 
of the relative angular velocity of the adjacent links. 
Was considered. The use of this parameter enabled. each 
test bearing to be considered separately. The substitution 
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of A (ý)max in equation 8.3.1.1 where A is a constant 
of proportionality, (')axis the maximum relative angular 
velocity of the. rotary disc and link 2 for t. b. 1 or of 
link 2'and link 3'for t. b". 2, did not provide satisfactory 
correlation between the experimental results and impact 
level IAA, as the data points were still scattered within 
a wide area. 
The relative angular accelerations of the adjacent 
links at t. b. 1 and t. b. 2 were then considered. 
and (032)max are defined as the maximum value of relative 
angular accelerations of the rotary disc and link 2 for 
t. b. 1 and link 2 and link 3 for t. b. 2 respectively. 
40 00 
Computed values of (021)max and ('032)max for a rotary 
input 4/bar linkage mechanism and an oscillatory input 
4/bar linkage mechanism are given in figs(B. 3.2 and 8.3.3). 
It was observed that these parameters increased rapidly 
as the motör speed or oscillation frequency increased. 
The experimental results in some tests also showed a rapid 
increase as motor speed increased especially when rotational 
input Was considered. In order to carry out a correlation 
between the experimental results, and the emperical equation, 
V in equation (8.3.1.1). was replaced by 
A (021)max for t. b. 1 and by A(032)max for t. b. 2, 
hence, 
IAL A (021)max [ (1.28)s -11 ln(Y: /Ri)max for t. b. 1 
and S 
N 
'AL A (032)max I (1.28)s -11 ln(ý/R2)max for t. b. 2 
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Rotary input 4/bar linkage mechanism 
Ave rage ýf.. .; 
Klotor (02 1)max -(i1 
/R1 )max (032)max (Y2/R2)max 
speed . 
(rev/min) (rad/s2) rad s-1/N rad/s2 rad s-1/N 
167 108 2.8 115 130 
187 -132- 2.5 146 463 
207. 160 2.22 182 2930 
22? 190 2 220 3846 
247 223 1.81 262 920 
267 259 1.68 308 327 
287, 297 1.54 35? 292 
30? 339 1.45 409 191 
327 383 1.36 466 130 
347 430 1.27 525 124 
367 480 1.2 588 109 
Fig (8.3.2) 
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Oscillatory input 4/. bar linkage mechanism 
Osc. Osc. (021)max (Y /R1)max (032)max (Y2/R2)max 
Amplitude Frequency 
mM Hz rad/s2 red sý1/H red/s2 rad a- /N 
2.6 14 35 1.1 57 7.15 
16 43 1.7 75 11 
18 52 3.2 94 15.6 
20 63 6.3 11? 21 
n 22 74 11.8 141 27 
1.8 15 30 1 45 5.3 
18 39 1.7 66 10.8 
20 46 2.7 82 15.1 
22 55 4.4 98 200 2 
Fig (8.3.3 ) 
245 
Where A is considered. to be a constant of proportion- 
ality and assumed to have the same value for both. bearings. 
Experimental impact acceleration results are plotted 
against max 
I ("1.28)s -1 
] ln(Y/R)max 
for both test'bearings (fig 8.3.4) in order to determine 
whether A can be considered as a constant number. 
A least square linear regression method was applied 
to obtain the best possible straight line fit for 97 data 
points considered. The result was found to be in the 
following form 
IAL = '013 Max 
[ (1.28)$ -1 
1 ln(Y/R)max +4.1 8.3.1.2 
shown as a continuous line in fig (8.3.4). 
The standard deviation of both variables on graph fig(8.3.4) 
is calculated by considering the square root of variance 
(ref 18) and shown as broken lines on the graph. Since the 
origin of the graph is well within this error band, it is 
possible to construct a line of equal slope, through the 
origin such that the empirical equation is represented in 
the form of 
Iah = 9013 (0)max E (1'28)s -1 
1 1n(Y/R)Max 8.3.1.3 
for both test bearings (shown as =" -. -. _ on the graph). 
The accuracy of how well the linear straight line 
curve does fit the data can be expressed in terms of 
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correlation coefficient (ref 19). It was calculated to 
be "86 for all data points. 
The magnitudes of the experimental and the empirical 
impact accelerations are plotted for comparison in figs 
(8.3.5 to 8.3.10) for a one-clearance bearing system 
(ie. one of the test bearings has a clearance of 90-10411M# 
and the other hasa minimum clearance) and in figs (8.3.11 
to 8.3.15) for a two-clearance bearing system (ie. both' 
test bearings have clearance of 90-104µm) for the rotary 
input 4/bar linkage mechanism including middle spring or 
stiff spring loading. Figs(8.3.16 and 8.3.17) compare 
the results for an oscillatory input 4/bar linkage mechanism. 
Bearing clearances are given on the graphs., Since the, 
correlation coefficient is calculated to be "86, an error 
of about 14% is expected in general between the-experimental 
impact results and emp; i, rical results for all tests. 
The constant of proportionality. A (. 013) in the empi, ricai 
equation 8.3.1.3 has the dimension of length since IAL 
has dimensions of (m/s2) and (O) has dimensions of 
(rad/s2), [(1.28)s -1 ] is a dimensionless group and 
' /R)max is considered as an impact occurence number. 
Finally, it is useful to relate the empirical equation 
developed presently with the previous equation 
I= -"61 [ (1.28)kr/0 -1 
] ln(Y/R)max 8.3.1.4 
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produced by Earles and Wu (ref. 11). They found the coeff- 
icient "61 to be applicable for/unlubricated clearance 
bearing. It is-necessary to point out that the previous. 
Work considered results from an oscillatory input linkage 
mechanism at an amplitude of 17mm and a frequency range 
of 4-7 Hz. The average value of the product "013 0)max] 
for oscillatory input amplitude of 17mm and input frequency- 
range of 4-7 Hz was. presently calculated to be "72. 
This compares favourably with the previously found exper- 
imental value of 0.61. 
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CHAPTER NINE 
DISCUSSIONS & CONCLUSIONS 
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9.1 Introduction 
Having presented the experimental test results 
(chapter 7) and established an empI7, rical equation for 
predicting the impact acceleration level at a clearance 
bearing, a general, discussion is given of the work. 
Possible design methods to eliminate impact regions at 
operational impact conditions are discussed. Three 
examples are given concerning how the impact level at a 
clearance bearing can be altered by changes in the link 
geometry and the mass and moment of inertia of the links. 
Some suggestions for further cork are given following the 
conclusions. 
c,, r 
9.2 Discussion of results 
Discussion of results will be divided into four 
distinct parts; 
(1) How the occurrence of impact within the given input 
motor speed or oscillation frequency range can be deter- 
mined. Can the (Y /R )max number be successfully used to 
predict the occurrence of impact in view of the experi- 
mental results presented in chapter (7)? 
(2) How the angular position of the links when' impact 
occurs, relates to the predicted angular band of para- 
meters 01 and 9 (see sub-section 7.2.1). 
(3) How the impact regions and impact level is affected 
when two test bearings in a mechanism have clearances. 
(4) How reliable is the empirical equation developed 
for predicting the impact level at clearance bearings. 
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9.2.1 Occurrence of impact ' 
It has been suggested (ref 11) that impact at a 
clearance bearing will not occur if (Y /rods1) < R /N 
obtained from a zero-clearance dynamic analysis-of the 
mechanism. The experimental results presented in 
chapter 7 provide substantial evidence in support of 
this. However the actual value of (i /R nax when impact 
occurs appears to vary between-1 and 3. This is shown 
by studying the impact region experimentally determined 
in connection with the corresponding (Y /R)max number., 
A typical example is the impact region recorded 
at t. b. 2 shown in fig (7.5.1). The related (Y /R) max 
curve is given in fig (6.2.4) Where minimum (Y /R) max 
value is 106 (the graph has Naperian log scale). It is 
clear that the condition (Y/R) 1 in this case is max im 
applicable. In this example, impacts were recorded for 
all speeds Within the given input motor speed range 
(i, e. 170 - 3? 0 rev/min). 
There are many examples Where the impact region 
takes place within a band of that speed range. For_ 
example, the impact region given in fig (7.4.5) starts 
at 192 rev/min and finishes at 230 rev/min. The cal- 
culated ( i' /R )max numbers at the start and end of the 
impact region (le. at 192 and 230 rev/min for this 
particular example) are 1 and 1.6 respectively. 
There is,, -ii a number of. other cases where (Y /R )max 
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number is calculated to be between 1 and 3 at the start 
and finish of impact regions. 
(a) With the experimental arrangement of the previous 
example but using the stiff spring loading instead of' 
the middle spring gives. an impact region of 240 - 280 
rev/min as shown in fig (7.4.8). The number (Y / R)max 
is calculated to be 1.3 at 240 rev/min and 1.4 at 280 
rev/min (see fig 6.3.3). 
(b) There was no impact experimentally recorded at t. b. 1 
for the case of rotary input 4/bar linkage mechanism 
set-up eventhough test bearing 1'had a clearance of 93 gm 
(see section 7.4). The corresponding (Y/(R )wax graph 
had a value. of 2.8 at 170 rev/min and decrease i; --" contin- 
ously as speed increases. 
(c) Impacts at t. b. 1'due to°the oscillatory, input 
4/bar linkage mechanism starts at 14 Hz and 16 Hz (see 
fig 7.4.2) for oscillation amplitudes of 2.6 mm and 1.8 mm 
respectively. Fig (6.4.1) gives the corresponding 
(Y /R)max numbers as 1.1 and 1.2 respectively. 
(d) Impacts at t. b. 2 for the oscillatory input 4/bar 
linkage mechanism starts at 12 Hz and 13 Hz}'(fig 7.5.4) 
depending on'the input amplitude. The corresponding 
impact occurrence numbers (fig 6.4.1) are`'3 and 3-2 
respectively. 
At is clear that in the examples given above impacts 
. commence to be recorded for values of (i/ R)max between 
1 and '3. However, particularly' from a design point of' 
view, havingregard to'the total number of experimental 
results, it is concluded that impacts at a clearance 
bearing occur when (Y/R)max number, calculated 
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from a zero-clearance dynamic analysis of the mechanism, 
is greater than 1. In this. way, it is ensured that all 
the impact regions recorded experimentally are predicted 
by the theory. The fact that in some casesimpacts were 
not recorded for (Y%R)max+ 3 allows for a margin 'of 
error in design. It is likely that the small variations 
in the value of (Y/R)max at the start and the termination 
of an 'impact regibn' are due to; 
(a) The sensitivity of the impact measuring system 
(i. e. accelerometers and shock amplifiers)'. 
(b) It not always being possible to distinguish the low 
level*impact signal super-imposed on the kinematic output 
of the accelerometer, especially if the latter is'changing 
rapidly, 
(c) The damping in the clearance bearing due to the 
self-lubricating characteristics of the bearing bush used. 
9.2.2 Angular position of impact 
The angular position of the rotary disc and the , '' 
value-. öfparämeter 6 (ie, geometric position of the 
linkage mechanism) have been experimentally determined 
. when impact occurred at a clearance bearing, These re- 
sul. ts''are compared for each. test in chapter 7 with-the 
predicted angular impact band for Which- (Y/R )max/ >1 " 
It was considered to be physically more meaningful to 
relate the impact. position to the geometric configuration 
of the-mechanism rather than determining the position 
: Where the impact takes place around the bearing bush, 
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In the case of the rotational input linkage mechanism 
the impacts occur within the second half of the predicted 
angular band for all examples except 2, in Which case 
impacts were recorded 12° after the predicted band (fig 
7.5.15). The input motor speed for these cases was above 
330 rev/min. Two impacts are generally recorded during 
one complete cycle of the oscillatory input. Test re- 
sults show that the first impact occurs after the predicted 
band and the second impact takes place in the second half 
of the second predicted band. It is clear that there is 
a time delay between the predicted angular band and the 
experimental recording. The reasons, mentioned briefly 
in chapter 7, are as follows; 
(a) As the time delay is observed for motor speed of 
330 rev/min and above. and input frequency of 12 Hz and 
above, the time taken for the pin to travel across the 
clearance space following a contact loss can be con- 
sidered as a contributory factor for delay when viewed 
in relation to the gross motion of the links. For example, 
consider the second diagram for t. b. 2 in fig (7.5: 6) where 
parameter G has values of 108° and 225° for the first 
and second impacts and the corresponding angular bands 
of 6 predicted to be 284° - 63° and 119°- 258° respectively. * 
If it is assumed that the first contact has occurred 
about halfway within the first predicted band, i. e. at 6 
348°, therefore there would have been an angular, delay, 
of 120°. The input frequency for this particular example,. 
Was. 22 Hz and the bearing clearance Lias 90 µm. Thus a 
time interval of . 015 seconds elapsed from the occurrence 
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of contact loss between the bearing bush and the pin 'until 
the contact is remade (i. e. impact taking place) during 
which the maximum distance travelled would be 90 µm. 
This means a maximum relative velocity of 6 mm/s. It is 
not known what the angular velocity of link 2 was when 
contact loss occurred, but it could not have been more 
than'-64 rad/s as it is the maximum value calculated 
from'a zero-clearance dynamic analysis. If it is assumed 
that the bush which is at the end of link 2, travels at 
the relative speed of 6 'mm/s, the angular velocity of 
link 2 would be "016'rad/s which is well below the maximum 
value given above. " It is therefore feasible to suggest 
that in the-case of oscillatory input tests where the 
frequency is high and the amplitude is small, and the 
rotary input' tests with high motor speed, the time,, delay 
results from the relative movement of the pin and bush, 
across the clearance space. 
(b)'-'Frictional and viscous forces at the bearing surface 
may have delayed the occurrence of contact force. 
aýt 
940*2.3 Interaction effect resulting from having a 
two-clearance bearing linkage mechanism 
. .. 
ii 
, The test rig was designed in order to measure the 
impact acceleration level at both test bearings. ` Two 
accelerometers were embedded into the clamps of each test 
bearing'in-LLdirections along and perpendicular to the link, 
2. GROUP 1'tests as given in section 7.3 included results 
from minimum-'-clearance test bearings. These showed that 
269 
there was no impact, recorded at either test bearing for 
all input conditions except in'one case where the peak 
impact level was'very small. GROUP 2 and GROUP 3 tests 
were' carried out having 'a clearance in t. b. 1 and a minimum 
cl'earance`in t. b. 2 and'vice versa. As there would be no 
impact taking placevat azero-clearance bearing, it was poss- 
ible to relate the` recorded''impact signal with the corresp- 
ondingrclearance'bearing. °The angular positions of the 
rotary disc for a rotational input and the parameter 9 
for an oscillatory input when impacts occurred are found 
to be within the predicted angular band as discussed in 
section 9.2.2. 
GROUP 4 tests included clearances in both test bear- 
ings. ` It is possible that when impact was taking place at 
one . of the clearance bearings this would initiate an impact 
at the other'clearance bearing. However as the impact 
signal'occürring on-one end of the link was transmitted 
to the other end it Was not possible to determiner definitely 
whether additionally an interactive impact'. took place. 
But it is reasonable to suggest that had an interactive 
impact occurred a second peak in the accelerometer record- 
ing would have been seen, closely following the first 
transmitted signal, this was never observed. The impact 
transmission was confirmed by carrying out a simple test 
as shown in fig. (9.2.3.1). An impulse was applied to link 
3 at A in the direction of the XX axis,. It, uas found 
that the transducers at t. b. 1 produced similar output 
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signals as, those from the transducers at t. b. 2. In the case 
of test results With a, -single clearance bearing in the rig, 
the recorded-impact signal was clearly due to impacts 
taking place at the clearance bearing. The transmitted 
impact signal to. the'-no-clearance bearing was therefore 
disregarded. The angular position of the rotary disc and 
parameter 6, were-'recorded,, for all the impact conditions 
and the information used to:. determine the impacting bearing 
in the-case of a, two-clearance bearings set-up. 
Transducers 
Test bearing 1 
ý" 
Link 2 
Link 3 
A 
'rx 
Fig (9.2,3.1) 
.. ý. ', 
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The results presented in section 7.6 compare the impact 
regions and'impact level at each test bearing with 'a 
single clearance bearing system. For example, fig.. (7.6.1) 
compares the impact level at t. b. 2 for one-clearance and 
two-clearance bearing, systems. It can be observed that 
the data points from both sets'of results follow an-incr- 
easing pattern, furthermore they are well mixed so that 
it is not possible to separate the data for each set. 
The difference in'the: measurement of impact. level observed 
in some cases for a given-motor speed could be due to the 
galvanometer deflection which was subjected to. 6% error 
band as givenýin chapter S. From this comparison it is 
concluded that the level of impact at a clearance bearing 
is, not changed-eventhough there exists another clearance 
bearing in: -the mechanism. Thus any interactive effect 
has not been observed to change the impact level. at a 
clearance-bearing-already determined from a. single clear- 
ance bearing linkage system. . 
. 
Another test on 'the transmission characteristic of 
the signal Was carried out as follows; the output signal 
from-accelerometers A and B were recorded each`timeýan 
impulse , was. applied at T as shown in fig. (9.2.3.2). 
ýT 
?',.. 
Xý 
'A 
T 
Link 2 
Fig (9.2.3.2) 
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The magnitude-of the impulse is not important as the ratio 
of outputs from accelerometers A and B shoos the amount 
of transmission. The graph of outputs from A against B 
(fig. 9.2.3.3) gives a transmission ratio of 1. Further 
tests in which the position of the impulse was changed 
(ie. at T' instead of T) showed that the transmission ratio 
Was variable. 
Although it may seem possible td monitor the impact 
signal at any point on the links due to the transmitting 
characteristic of the impact signal along the links as 
explained in fig. (9.2.3.3), using two accelerometers at 
each test bearing attached close to the bearing bushes, 
gave an indication of both the magnitude and direction 
of the impact actually occurring at the bearing. 
9.2.4 Level of impact 
The tests showed that the extent of the impact regions 
varied Within a given speed range depending on the 
input conditions. The level of impact measured varied 
for all tests, the maximum being 80g. Since the impact 
acceleration level measured indicates the severity-of 
impact loading to which the mechanism is subjected, the 
object would be to eliminate the impacts if possible or 
reduce its severity to a permissible level or shift the 
impact region out of the working speed of the mechanism 
in order to increase its. Working life and provide more 
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accurate kinematic output. 
9.2.5 Recording of impact signal 
It is seen from'-the examples of th*e U. V. recordings 
of the accelerom`eteroutpüt in chapter 7 that the impact 
signal is ' superi'm'p"osed' on the gross kinematic motion of 
the mechanism. The impact signal for a number of cases 
was stored digitally usinga B and K digital event record- 
er. -, The storage capacity of the equipment Was' 10K, input 
sampling frequency 100 KHz and the stored signal Was 
displayed at-an output sampling frequency of "5 KHz (200 
times slouer'than the original. signal). 
It was found that impact excites a high frequency 
vibration and the natural frequency of the link. is picked 
up by the transducers. The shape of the impact signal 
changes as the impact position moves around the bearing 
bush. 'If the impact occurs in the direction of-the"long- 
itudinal'axis of the link then the frequency of theIsignal 
is around 3600 Hz, but if it happens in the' perpendicular 
direction, the impact frequency is about 600"Hz and is due 
to flexural vibrations-of the beam. Because of these 
link vibrations it was not possible to determine' whether 
or not the pin rapidly impacted (ie. rattled) inside the 
bush, 
complexity of the impact signal is demonstrated by 
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figs (9.2.5.1 and 9.2.5.2) where accelerometer output 
signal and impact signal'(slowed down) are recorded. 
Impact recordings in both cases have frequencies closer tci 
the natural frequency of link 2'due to the longitudinal 
vibration of the beam. There is some difference however 
between the two signals which may be explained in terms 
of a changing impact position around, the bush. 
The high frequency vibration super-imposed on the 
impact signal is due to the natural frequency of the 
transducers used, which is well above the frequency range 
of interest in this particular work. The accelerometers 
used had 'flat' responses up to 16 KHz for mounted shock 
vibration. 
9.2.6 The emprrical equation 
An empi, rical equation has been developed in chapter 
8 which estimates the impact acceleration'level. The 
results given in figs. (8.3.5 - 8.3.17. ) for 16 impact 
regions showed that the empirical equation gives a fair. 
approximation to the. impact region (ie. the start, peak 
and termination of impact). The variation in the value 
of (Y/R)max (ie. between 1 and 3) discussed in section 
9.2.1 will have little effect on the predicted impact 
acceleration level IAA, since Naperian. logarithm of (Y/ R)max 
is used in the empirical equation. 
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The empUrical equation can successfully. be used to 
predict impact. regions and impact level at-each of the 
two clearance bearings... This follows from a discussion 
given in sub-section 9.2.3 that impact level at one bearing 
is not: affected by having another clearance bearing in the 
system. This particular-aspect of the work could later 
be expanded, to, include more than two bearings, if the 
same principle still. holds then the empirical equation 
becomes a, very_useful tool in machine design. 
-It 
is believed that having included rotational input 
as Well. as oscillatory input in the test mechanism, the 
use of the empirical equation Was generalised and its 
area, of application broadened. 
When the reaction force R in (VR)max term approaches 
zero (ie. the bearing force locus approaches the origin), 
the impact acceleration level IAA, in the empltrical equat- 
ion (8.3.1.3) will have a greatly increased value. It is 
for this, reason that the peaks of IAA graphs in chapter 8 
(e. g., in fig. 8.3.7) go to infinity at input motor speeds. 
for which R is zero. Due to damping, etc. the experimen- 
tal graphs, have finite peak values. 
9.2.7-.. General requirements 
The object is to eliminate the impact regions result- 
ing from clearances in plain bearings. It has been shown 
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that the occurence and level of impact-can be determined 
at each clearance' bearing from a zero-clearance dynamic 
analysis of the mechanism and employing the empirical 
equation (8.3.1.3). A chart of the impact regions can be 
drawn and compared-With the operational regions of the 
proposed mechanism (ie. input rotational speed, oscillation 
frequency and amplitud(3). ' The state being sought is 
that the predicted impact regions for each clearance bear- 
ing do not coincide with the operational range'ofýthe 
mechanism. If the operational speed of the proposed 
mechanism is found to be within one of the impact regions, 
the mechanism can be'redesigned or constrained in order 
to shift the impact regions; 
(a) the lengths of the links, their masses and moments of 
inertia may be changed, 
(b) the linkage mechanism may be constrained by using 
springs. 
As an example possible alterations of the impact 
regions at clearance bearings 1 and 2 of the test rig 
will be computed in the next section. 
9.3 ''D831gn'considerations 
Three examples involving the changes in the lengths, 
moments of inertia of. the links and the arrangement of the 
linkage mechanism have been considered as follows; 
(a) The mass of link 2 was doubled to 4.82 kg but its 
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effective. length kept. the same. The moment of inertia of 
link 2 Was also doubled to "106 kg m2 by maintaining the 
same width. - 
(b) The test rig was originally designed such that the 
ratio of the lengths of. link 2 and link 3 was about (2/3). 
Link 2/link 3ýratio was changed to 3/2 (link 2="6m, link 3="4m). 
The cross section areas of both links Were taken to be the 
same, the masses of link 2 and link 3 were taken as 3.6 kg 
and 2.4 kg respectively, their moments of inertia were 
calculated to be "1083 kg m2 and "0322 kg m2. 
(c) Link 3 Was attached to the exciter disc at a second 
position marked-Cl in=-fig. (2.3.2). 
,,. 
The aim was to determine how the impact regions at 
test bearings 1 and 2-. Were affected by making. -the changes 
given. in (a), (b) and (c) above. Impact acceleration level 
(IAL) was computed by using the emperical equation 
IAb "013 {0 
max 
[ (1.28)s-1 ] ln(i /R)max 
for both clearance bearings. The rotary input 4/bar 
linkage mechanism was considered in all cases. --'n-The 
results show that the geometric changes did not 
affect-the-impact regions in test bearing 1. A maximum 
impact. value of about 3g was calculated. Impacts were 
calculated to occur at test bearing 2 for all motor speeds 
Within the range of 170 - 370 rev/min. Fig. (9.3.1) gives 
the impact acceleration level calculated for the cases 
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(a), (b) and (c), they are marked on the graph as A, B and 
C correspondingly, as well as the impact curve for the 
existing mechanism (marked D'on the graph). The graphs 
Were plotted for a bearing clearance size of 100 µ m. It 
can be seen that the new geometric arrangements and the 
increase in the mass of link 2 do not greatly affect the 
extent of the impact regions. However the level of the 
impact acceleration does change. The configuration when 
link 3 was attached to the exciter disc at a second pos- 
ition (curve C), provided the highest 'g' level. IAL 
values Were less than 20g for almost all speeds for case (b) 
(when the link 2/ link 3 length ratio was 3/2). Consider- 
ing that an impact level of 60g was recorded (fig. 8.3.5) 
previously (link 3/ link 2 length ' ratio. was about 2/3). 
It could be said therefore that the impact level was reduced 
by' over 60%. 
Bearing clearance is another important factor that 
the designer should consider. Assuming the clearance 
dependent factor given by Earles and Wu (ref. 12), if a 
clearance size 50 µm was taken instead of 100 µm, maximum 
impact level would have been Bg instead of 20g in the 
example given above. Although impacting at a clearance 
bearing is undesirable, a permiss, t. ble impact level may be 
set for practical purposes When all possible design config- 
urations are exhausted. It must be mentioned that lubric- 
atio. n also reduces the impact level. 
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A positive method of shifting the impact region from 
the desired operating conditions (ie. given input motor 
speed)'can generally, be achieved by using tension-springs. 
The spring stiffness is an important parameter in doing this. 
Impact regions"at t. b. 1 Were shifted from a speed range of 
190 - 240 rev/min to 230 -'280'rev/min by changing the 
spring stiffness from 671 N/m to 1167 N/m (see figs. 8.3.7 
and 8.3.9)'. ' The-'impact region at t. b. 2 changed from a 
speed range of 170 - 370 rev/min to 250 - 370 rev/min for 
the middle spring case (671 N/m) and to 310 - 370: rev/min 
for the stiff spring case (1167 N/m) (see figs. 8.3.5, 
8.3.8 and 8.3.10). 
It is left to the designer to decide for a particular 
mechanism`-houý'the impact acceleration level should be 
reduced'or the impact'regions eliminated, rather than 
providing design charts for a few types of linkage mech- 
anisms. It is thought that the design chart approach 
may limit the number of possible applications. 
- _- , 
ýt... ý. .. ý_v. 
,, 
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9.4 CONCLUSIONS 
(1) Experimental. results from it rotary input and an oscill- 
atory input 4/bar linkage mechanism and a rotary and. 
oscillatory input 5/bar linkage mechanism, having a single 
clearance-bearing and two clearance bearings including 
additional mechanism pre-loading by springs, have shown 
that contact-loss, hence impact, does not occur at a 
clearance bearing if (Y/ R)<1, where Y is the rate of 
change of direction of the minimum bearing force R, both 
obtained from a zero-clearance. analysis of the mechanism. 
(2) Contact-loss, hence impact, does occur if(Y/R)>3. 
(3) For rotational inputs the angular position of the 
rotary disc when impact occurs is within the angular band 
of the-rotary disc for which (Y/R) > 1. 
(4) The impact level at one clearance bearing Was not 
affected by having another-clearance bearing in-the-, mech- 
anism. -However-the impact signals were transmitted along 
the link containing'the clearance bearing. 
(5) No induced impact was observed at one of the clearance 
bearings-resulting from contact loss at-the other clear- 
ance bearing. 
., 
(6) The polar force plot at a bearing can be changed to 
a 
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move the system from an impacting state to a . non-impacting 
state by making geometrical changes, inertial changes 
or spring pre-loading. 
(7) Agood design approximation for the impact acceleration 
level at a clearance bearing can be-obtained from the 
emperical equation; 
IAA A(0 )max 1 (1.28)s -1] ln( Y /R) max 
Where IAL" s the impact acceleration level 
'A is a'constant 
Mmax is the maximum relative angular acceleration 
of-the adjacent links. 
s,. =1000 r, r is the clearance size, 0 is the bearing. 
0 
diameter 
y is the rate of change of minimum bearing force 
direction (rad s'), 0 
' R`is the minimum bearing force. (N). 
The-constant A was found to be "013 for a'steel 
shaft, sintered bronze, oil impregnated plain bearing. 
A'correlation coefficient of 0.86 was found for the best 
straight-line from which A, was obtained. 
(8) The relationships for no contact-loss and for the 
impact acceleration level are applicable at each clearance 
bearing, of a two clearance bearing mechanism. 
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9.5 Suggestions for further work 
Impacting at-. a clearance bearing generally produces 
noise, and the level of noise generated is an indication 
of the severity-of, impacts taking place. It may therefore 
be possible to measure the noise level and establish a 
relationship between the generated noise and the impacts. 
It is essential however to distinguish impact noise during 
tests from other sources of noise in the vicinity of the 
test mechanism. This was not possible in the present 
work due to the noise generated by the hydraulic exciter 
unit and the electric motor. Future study in this field 
could include noise analysis and perhaps establish impact 
noise levels which could be used as a parameter in helping 
to reduce the general noise level in the environment. 
The present work may be improved by using different 
types of transducers (ie. load cells, strain gauges) in 
order to determine whether there is any interaction effects 
following an impact at one of. the bearings of a two-clear- 
ance bearing system. The applied load on the bearing 
elements can be calculated if the deformation of the bear- 
ing pin or the bush is known. 
The present Work could be extended to include the 
impacts due to having clearances in more than two bearings 
in a mechanism. A computer program maybe developed to 
study the impact regions at n number of bearings of a 
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generalised n/bar linkage mechanism. Design charts derived 
from a zero-clearance analysis may also be produced indic- 
ating impact regions and. impact levels for conventional 
mechanism which are widely used in industry. An optim- 
isation procedure relating clearance size of bearings and 
predicted impact levels at those bearings may lead to new 
ideas in the field of bearing design, thus improving the 
working life of the mechanism. 
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APPENDIX A 
APPENDIX 8 
APPENDIX C 
REFERENCES 
Dynamic 
element ' 
Mass. 
/kg 
Moment of 
inertia 
kg m2 
Diameter Length 
/m 
Rotary disc 12.9 . 131 .2 
Flywheel 19.41 . 0878 . 19 - 
Link 2 2.41 . 053 - . 39 
Link 3 5.04 . 209 . 
5a 
Fxciler disc 6.775 . 058 .2 _. 
Link 6 2.11 . 009 . 17 
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Appendix A 
Measurement of Rig Parameters 
(a) Rotary Disc 
P1 
R1 
ýP. 
d 
a f 
il l C1 1V I/ \V'-' V'/I IT T 11 
tw 
Rotary disc 
Mass- of rotary. disc = 12.9 kg 
Off, centred radius, R1 = "1 m 
Thickness.. of eachq disc, d =. 015 m 
Calculations of-eccentricity,, e and moment of inertia 
about C, 10; the centre of gravity of the rotary disc 
(only one disc used since both discs are exactly the same) 
Was determined. by measuring the periods of the disc about 
pivot points P1 and P2and applying the equations for a 
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compound pendulum; 
TP1 )2 I P1 
4 Tti2 mda gb 
-- - 
TP2 
2 IP2 
2 4n mda 9ý-b. 
IA 
2A 
where TPA and TP2 are the periods of the disc about pivots 
P1 and P2, a. and b are distances of the pivot points from 
the c. g., Ip, and IP2 are the moments of inertia of the 
disc about Pl and P2. 
Ipi and IP2 'may be. Written 
IPi = mda (k + a2) 3A 
Ip2 = mda (k2 + b2) 4A 
Where I0 = mda k2 is the moment of inertia about the c. g. 
TP1 and TP2 were experimentally found to be . 9167 s and 
1.15 p respectively, and also 
a-b=. 095 m(from design), g=9.80665 m/s2, mda = 6.21 kg. 
Equations 1A, 2A, 3A, 4A were then used to determine b and k 
b= . 0349 m, hence e= . 0349 - . 0175 = . 0174 m (since P2C=. 0175m) 
k2 = . 01025 m2 , IG = mda k2 
= 
. 06365 kg m2 
2 
I0 = . 13107 kg m for the rotary disc(two discs). 
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(b) Flywheel 
! 
-am 
a a- i 
--d D 
Flywheel 
mass, m= 19.408 kg 
0= 190 mm 
d= 34 mm 
a= 90 mm 
Moment of inertia of flywheel was found by measuring the 
periodic time of-oscillation about A. 
IF 
- "0878 
kg m2 
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(c) Link 2 
R2 
-4 
A Length of link 2, R2 = 37G mm 
Mass of link 2, M2 = 241 kg 
Centre of gravity = R2/2 
R2 Moment of inertia about the c. g. 
2 is 12. The link was pivoted at 
A and B to find 'periodic times 
TA and TB. 
C. G 
Since 
TA2 m2 (k2 + (R2/2)2) 
= IC 
4 n2 m2 9 (R2/2) 
Where k is the radius. of gyration, U 
periodic time was experimentally 
UO ound to be f 
TA = TB 1.125 s 
substitution of this value in 
equation 1C gives 12 as 
, 
Link2 22 12 = m2 k= "05296 kg m 
0 
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t 
A- ý 
0 
I -I 
R31 
4 
b 
s 
Link 3 
(d) Link 3 
Length of link 3, R3 = 580 mm 
Mass of link 3, M3 = 5.04 kg 
Moment of inertia 13 about the cg 
is calculated again from the 
periodic times, TA"and TB for 
the link pivoted at A and B. 
If b is the distance of the cg. from 
point B, then for a compound 
pendulum 
TA2 m3 (k2 +(R3 - b)2) 
= 1D 
44u2 m3 9 (R3 - b) 
T82 m3 (k2 + b2) 
= 2D 
4rt2 m3 gb 
TA and TB were experimentally 
found to be 
TA = 1.365 s 
T8 = 1.295 s 
Substitution. into equations ID 
and 20, gives 
b= "251 m 
13 = m3 k2 = "209447 kg m2 
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(e) Exciter Disc 
Al 
b 
A3 
" 
12 \c, 
G 
A2 
Fig (1.. 1 e) Exciter disc 
Mass of exciter disc, mb = 6.775 kg 
Effective radius of oscillation, R4 = R7 = 10U mm 
Thickness of E. disc, d= 25.4 mm 
To calculate moment of inertia, -IT, compound pendulum 
method was again used to determine the position of centre 
of gravity and ICG, hence IT was determined. 
The exciter disc was subjected to oscillatory motion on' 
a knife edge about Al, A2, A3 (see fig. l. le). Periodic 
times TA1, TA2, TA3 were experimentally found to be, 
TAI = 0.895 s TA2 = "895 s TA3 = 1.07 s 
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Since 
2 TAl 
. _, 
Al I"1.1 
4 TL2,. mbg 1l 
T2 A2 A2 
1 . 2' 
4. n2 mg 12_ 
TA3 2 1A3 
4 Tt2 m9 l b3 
1.3 
where 
l1, -12,13 are shown in fig. (1. le). 
Al, A2, A3 are on a straight line as shown 
b= 120.5 mm 
since TA1 = TA2 = "895 s 
then 11 =12 
Also the cg was on a line which passes through A3 and 
perpendicular to A1A2 
hence' 
2= 132 + b2 
Using the equations 1.1 and 1.3 and noting that 
IA1 = mb (k2 + 112) and 'I A3 =mb 
(k2 + 132) 
let's say T2 Al 
c=. ý 
4n2 
T2 A3 
4 E2 
2 95 
then 
cg 11 -112= d91 313 
2 
substituting 
11 2= 132 + b2 
2222d4 
(i - 
c2) 
13 - 
c2 
13 + b2 - 
b2 
20 
9gg 
solving for 13, 
13 = 34 mm 
Distance from the centre of shaft to the cg. 
p= "034 - "0127 
=21.3 mm 
Angle p was found to be 125° 
Moment of inertia about T Was found to be IT "057599 kg m2 
ýf 
,_ 
Link 6 
A 
R6 
Rý - 
2 
-" .. _- - 
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Fig(1.1f) Link 6 
Mass of. link 6, m6 = 2.11 kg 
Length of link 6, R6 = 167 mm 
Time taken for 20 oscillations about A (fig. 1.1f) was .. 14.9 s 
since 
TA 2 IA 
42 m6 9 (R6/2) 
and 
IA IG + m6 (R6/2) 
2 
''.: I6 = I6 was determined to be 0.00925 kg m2 
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(g) Construction of the Guard 
0 
5 
nr 
h 
9 
It 
The tube"frame was bolted to the base at A, B and C. The 
frame structure was strengthened with 9 cross members, 
marked ''X'. on the diagram (fig. 1.1g). Double uire'meshing 
was-'employed for strength along the arc from A to D. 
The main measurements are; 
hm =°"85"m, 'h9 = 1.4 m, 1 =10 m, *R = "55 m, k= "85 m. 
Fig (1.1g) Guard* 
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(h) Spring Attachment Unit 
L -shaped 
unit 
LA 
000 LINK3-, -ý 
I %% 
E E E ý 
E E 
ö M rn N t`7 
0 a,. 
O Q2 
Oc3 
0a4 
O P5 
Fig (1.1 h) 
Platform base 
The spring attachment was designed such that; 
(a) springs with different lengths could be used, 
(b) spring ends had free movement (ie. no restraining 
moment). 
The first requirement was obtained by using an L-shaped 
piece clamped onto a metal block which was bolted onto 
the platform-base. The vertical part had threaded holes 
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I. i 
'II - 
is 
Fig (1.2h) 
Locking nut 
Bearings 
' 
Spring end FIange  y CI ' 
Pin 
Fig (1.3h) Fig (1.4 h) 
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at approximately 6 mm centres.. The spring was connected 
to al, a2, a3 or a49 to provide the necessary initial 
extension and pre-loading. The positions of a1, a2, a3 
and a4 were carefully measured. An aluminium frame 
(fig. 1.2h) holds the. spring onto link 3. Initially a 
screw was designed such that its head could hold the 
spring end on an arc as shown in fig. (1.3h). However 
after-an hour of testing the spring end had badly'worn 
and eventually fractured. 
Another frame (fig. 1.4h) was designed to overcome this 
problem. It had a pin with a flange so that the spring 
end could be tightened on the pin with a nut. The pin 
Was free to move on bearings positioned at each end, 
The frame was then screwed onto the aluminium-frame at C. 
The same idea was successfully applied at the other end 
of the spring. 
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(i) Calibration of Springs 
Spring No. AU 3896 referred to as 'middle spring'-and 
spring no. AV 3996 referred to as 'stiff spring' were 
calibrated for their. initial tension and stiffness para- 
meters. Load/ extension graphs are given in figs. (1.1i, 1.21). 
Dimensions Middle Spring 
No. of coils 100 
Mean diameter 
of coils 22 mm 
Diameter of wire 2.6 mm 
k stiffness (from 
graphs 1.1i, 1.2i) 671 N/m 
Ti Initial tension 
(from graphs 1.1i, 
and 1.2i). 27.46 N 
Qri9 ioa Z spnýy (, eA9fh 
2q0.3 MM 
Stiff Springy 
90 
22 mm 
3 mm- 
1167 N/m 
50 N 
290.3 Yarn 
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Appendix ,B 
(a) Construction of Magnetic Clutch 
AMP Terminal 
Magnetic circuit 
Toothed rings 
Magnet body 
Armature plate 
; entre sleeve for 
nagnetic flux 
Searing 
Fig (1.1) 
A Siemens EKR 1OZ, stationary magnetic field type clutch 
was used, its static Torque capacity being 500 Nm. The 
clutch includes a stationary magnet body with plotted coil 
which is carried by bearings on a centre sleeve (fig 1.1). 
The end of the sleeve has a flange which forms a path for 
the magnetic flux and also carries a toothed ring for 
transmitting the drive. The armature carries the mating 
toothed ring which has 6 driving keys for engagement with 
the driven component. 
I 
Springs supported on shoulder screws ensure complete 
disengagement when the clutch is de-energised.. When the 
coil is energised a magnetic field is created as shown 
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in fig(1.1). The clutch could be disengaged under load 
at-any speed. No idling Torque is developed'by the disen- 
gaged toothed clutch. The clutch is used for safety 
purposes as mentioned earlier. It also helps when dis- 
engaged, to bring the linkage mechanism to rest. The steel 
toothed ring had been nitride hardened to give a good 
wearing characteristic. 
(b) Magnetic field effect of the clutch 
-"-F"- 
n 
r 
Rotary disc 
Exciter ` 
Accelerometer 
Position 1 
Position 3 
Position 2 
Fig( 1.2) 
ion 4 
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The clutch is a stationary field type and so a check was 
necessary to determine what effects the magnetic field 
had on the accelerometer signals. A 120mm brass tube 
carrying an accelerometer at one end, was screwed on to 
the head of a Goodman (390 A) type vibrator. It was pos- 
itioned near the rotary disc such that it could be posit- 
ioned between the discs as this was the area where link 2 
Was constraint to move. Fnur positions were selected as 
shown in fig. (1.2). An input amplitude of 4mm at a freq- 
uency range of 10-100 Hz was supplied from the exciter. 
The signal output from the accelerometer was recorded on 
U. V. paper. The effect of on/off switching of the clutch 
was also examined. The U. U. trace gave only the signal 
due to the vibrator input, hence the 
stationary magnetic field of clutch assembly did not have 
any effect on the signal obtained from the accelerometer. 
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Appendix C 
Cable Assembly 
Difficulties arose in setting up the cable assemblies on 
the rotational links of the test rig. It is necessary 
to let the cables flex at some stage along the cable 
length, and eventhough the bending action of the cable 
does not affect accelerometer signal, it does limit the 
life of the cable. 
Y 
Fig (1a) 
z 
Link 2 Link 3 
X º. >, X 
ý r. 
yFig 
(lb) 
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The risk is greater as the rotational speed increases. 
The weight of the cables joining points A and B introduces 
a second problem. As the links (figs. la and 1b) perform 
certain motions, the cables move up and down in the YY 
direction. It was necessary to reduce the cable length 
thus limiting the weight. It was also important to tape 
the cables onto the link with foam material being used to 
prevent the cables hitting against the link. 
Coaxial cables are costly to'replace. One economical 
method is to purchase well tested coaxial cables and use 
the following procedure*to'assemble solderless end-connectors 
as recommended by Malco (Microdot Company). When the assem- 
bly is completed it is checked for noise-level and capac- 
itance value. It is also recommended to test it against 
another cable for its performance for a known input. 
Assembly Instructions (provided by Microdot Co. California 
U. S. A. ) 
1. Bring together the connector components, the cable 
involved and the following items; scriber, small flat 
nose-pliers, simple edge razor blade or small hank knife, 
loading tool (EHM 530, Microdot tool). 
2. Square end of cable with razor blade. 
3. Slip bend relief cab over the cable. 
4. Strip jacket as shown, 13mm from end with razor blade. 
-a-( 13mmF-e- 
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5. Push shield braid back from end of cable and cut off 
3mm of the central conductor and dielectric. 
ý3 mm 
6. Pull the shield tightly over the dielectric and twist 
and of shield wires into a point. 
7. Slip the remaining components over-the end of the cable 
in the sequence and position shown. 
Ferrule Jerk 
relief ring Bushing in 6 
a" 
Bend relief cap Nut End of jacket 
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Due to slight variations in diameters of cable shield it 
may be necessary to expand the jerk ring by inserting a 
screw driver blade longitudinally in. the'through' slot, 
being careful not to squeeze the ring'out of roundness. 
B. With. the scriber or needle point, unbraid the shield 
wires as far as the jerk relief ring being careful not to 
snag the dielectric. Separate the shield Wires and dis- 
tribute them eve ly about the centre dielectric. Cut them 
close to the jerk relief ring as shown below. 
CUT 
9. Strip dielectric from conductor 2.5mm from jerk ring. 
o 2.5 mm 
Efl1jT:::::; 
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10. Slip 'teflon' bushing over end of inner conductor, 
tapered end first, until the end of the bushing is against 
shield. uires. Cut end of the inner conductor close to the 
end of bushing. 
/ Cut 
11. Hold ferrule in one hand and with the other hand push 
on bushing until jerk relief ring and part of the bushing 
start inside counter bore of ferrule. 
Bushing 
Jerk ring(ferrule) 
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12. Disassemble Microdot loading tool (EHM 530). 
Part II 
ý ýný 
Part I 
Attach plug nut. to part II of the tool, thus forcing 
'teflon' bushing complete into ferrule. Remove-part I, 
insert pin,, barbed end out, in small hole at end of part I 
and screw into part II again as far as possible. 
13. Bring the. bend relief cap up and snap it over groove 
in ferrule body. This completes assembly. 
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